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ABSTRACT
Smoke from the Kuwait Oil Fires dominated the synoptic weather pattern 
throughout the Persian Gulf and surrounding region during 1991. The lower 
atmospheric wind flow parameters advected smoke along the eastern half of the 
Arabian Peninsula, and cities like Dhahran, Riyadh and Bahrain experienced days with 
smoke filled skies and carbon fallout. Atmospheric conditions for Dhahran Air Base 
and Riyadh Air Base, Kingdom of Saudi Arabia and Bahrain International Airport, 
Bahrain were examined from 1991 through 1994 to determine lasting meteorological 
effects. Over 105,000 surface weather observations were compiled into monthly 
summaries, graphed and statistically analyzed. The 1991 monthly summaries were 
compared against recorded climatology and data from 1992 through 1994.
Differential smoke advection at all three sites led to significant temperature variations. 
Smoke from the Kuwait oil fires lowered mean maximum and mean temperatures at 
Dhahran and Riyadh during 1991. Cooler Persian Gulf temperatures caused by the oil 
spill into the gulf and oil fire smoke lowered mean maximum, mean and mean 
minimum at Bahrain during 1991. Although lower temperatures were recorded in 
1991, the Kuwait oil fires had no lasting meteorological impacts at any of the locations 
examined, and there has been no change to the seasonal synoptic weather patterns 
throughout the Persian Gulf Region.
The Meteorological Effects of the Kuwait Oil Fires
INTRODUCTION
War produces serious environmental effects. During Operation DESERT STORM, 
the Iraqi military sabotaged 732 Kuwaiti oil wells as a desperate act of environmental 
terrorism to destroy Kuwait’s primary source of wealth. During January and February 
1991, 611 oil wells and pools o f oil were ignited and burned at an estimated rate of 6 
million barrels per day [King, 1992]. Landsat imagery showed fires in the Greater 
Burg an, Ahmadi and Magwa oil fields surrounding Kuwait City [Cahalan, 1992]. 
Individual oil wells and several oil pools were ablaze and produced two different types 
of smoke plumes, black and white [Cahalan, 1992; Cofer et al. 1992]. Most of the oil 
pool fires and 60 to 65 percent of the individual oil well fires produced black plumes 
containing large amounts of elemental carbon. The white plumes contained the lowest 
amount of elemental carbon, and the plume particulates were comprised mostly of 
inorganic salts [Cofer et al. 1992]. Smoke generally advected southeastward and 
either traveled across the Arabian Peninsula or settled over the Rub al Khali Desert, 
but occasionally the smoke advected eastward toward Iran [Limay et al. 1992]. 
Transport of the smoke was limited both vertically and horizontally which increased 
the potential regional impact and decreased the global impact [Cahalan, 1992]. The 
vertical extent of the smoke plume seldom exceeded 12,000 feet whereas the bulk of
2
3the horizontal transport was limited within the nearest few hundred miles [Cahalan, 
1992]. The smoke plume during June and July of 1991 remained in narrow bands of 
12 to 30 miles in width while covering hundreds of miles in the horizontal [Limay et al.
1992]. Aircraft measurements of the smoke plumes proved that the fires burned more 
efficiently than expected. More than 93 percent of the total carbon released during the 
bum was in the form of carbon dioxide, and particulate carbon concentrations only 
averaged near 2 percent o f all carbon emissions [Cofer et al. 1992]. Aggressive fire 
fighting techniques were employed, and the last well fire was extinguished on 
November 6, 1991 [Limay et al. 1992].
War destroys man, materials, and environments. Deployment of large military 
assets to one region results in increased pollution from aircraft and ground vehicles 
and increased hazardous material used to maintain equipment operations. Vehicles 
often dismpt the earth surface and destroy vegetation. When hostilities break out, the 
war zone becomes an environmental disaster caused by aerial bombing, artillery fire, 
land mines, unexploded ordinances and possibly nuclear, chemical or biological 
weaponry. Regional solid waste increases from logistically supporting a military which 
includes everything from feeding an army to ammunition, equipment and vehicles. 
During the Gulf War, thousands of burned vehicles, land mines and unexploded 
ordinances Uttered the deserts of Kuwait and Iraq while buildings and industries were 
turned into rubble. Today’s “smart” weaponry was designed, in part, to limit 
environmental damage, and the philosophy of carpet bombing cities was replaced with 
precision attacks against mihtary assets and mihtary support facihties. The United
4States military goes to pain staking lengths to insure that civilian populations are 
protected against needless mihtary destruction. Protection of civilian life is vital, and 
Iraq’s disregard for the civilian population was demonstrated by their actions against 
humanity. Iraq was probably the first country to use environmental terrorism as a 
deliberate mihtary weapon in a large-scale post-Vietnam conflict. In the author’s 
opinion, igniting the oil wells and causing the oil spill in the Persian Gulf was a 
deliberate action which attacked innocent civilians without any calculated theory for 
potential regional and global impacts. The oil spill and oil fires threatened everything 
in the ecosystem, and numerous doomsday predictions were discussed in the scientific 
and pohtical arenas. When the initial estimates to extinguish the fires were 5 to 10 
years the regional disaster and the severe potential global impacts could not be 
ignored. The oil smoke and oil pools affected ah forms of life from humans inhaling 
hazardous chemicals to the oiling of birds and the disruption of the marine ecosystem. 
Luckily, the fires were extinguished in less than one year and the synoptic weather 
patterns limited smoke particulate transport. The use of environmental terrorism must 
be prevented because future events could be devastating to the global environment.
This thesis compared the synoptic lower level atmospheric climatological flow 
parameters from the surface through 700 mihbars (mb) for South West Asia and 
recorded climatology for Dhahran Air Base, Kingdom of Saudi Arabia, Riyadh Air 
Base, Kingdom of Saudi Arabia and the Bahrain International Airport, Manama, 
Bahrain to the 1991 through 1994 recorded surface weather observations to determine 
if the oil fires produced lasting meteorological effects on the Arabian Peninsula and
surrounding gulf region based on analysis of data from Dhahran, Riyadh and Bahrain. 
All three locations are hundreds of miles from the oil fires and oil spill point o f origin. 
The northern Persian Gulf region experienced the brunt of the environmental 
terrorism Results indicated at Dhahran, Riyadh and Bahrain only show a fraction of 
the real impact that the oil fires and oil spill produced near the source region. Soil 
contamination resulted from atmospheric fallout and the formation of oil pools on the 
desert surface from gushing crude oil. Farm land was also contaminated. Close to the 
point source an oil mist was produced, and the Kuwait Oil Minister approximated that 
25-50 million barrels of oil was deposited into surface lakes [Sadiq and McCain,
1993]. After recovery operations, 5 to 30 million barrels of oil will settle to the 
bottoms of lakes and approximately 35 million cubic meters desert have been 
contaminated [Sadiq and McCain, 1993]. The oil spill coated 777 kilometers of 
coastline and nearly 1.4 million cubic meters of sediment. The oiling also severely 
affected fisheries, fish egg and larvae, birds, marine turtles and marine mammals. 
Although ecological devastation has been documented, the impact o f the pollution 
upon humans may never be understood because of inadequate health statistics and the 
variability of exposure to contaminates. Prolonged exposure to the contamination may 
result in premature fatalities and future illnesses. Finally, accidental contact with 
unexploded ordinances has resulted in several crippling injuries and fatalities.
Figure 1 is a map of the Arabian Peninsula and the surrounding countries. Kuwait 
is a small country located on the northwestern shores of the Persian Gulf. Dhahran is 
a coastal Saudi Arabian city along the Persian Gulf and is approximately 260 nautical
6miles southeast o f Kuwait City. Bahrain is a small island country approximately 20 
miles east of Dhahran, and Riyadh is in central Saudi Arabia. Dhahran AB is located 
at 26.16N and 50.10E; Bahrain is located at 26.41N and 50.39E; Riyadh is located at 
24.43N and 46.43E; Kuwait International Airport is located 29.14N and 47.59E.
South West Asia is a rather large area with only sporadic surface weather reporting 
stations and is an area of the world that can be classified as data sparse; however, there 
are a few reporting weather stations that have maintained excellent documentation of 
surface weather observations during 1991 and continue to take surface weather 
observations today. The data for this study consists of approximately 105,000 surface 
weather observations taken by USAF meteorologists at Dhahran, and Riyadh Air 
Bases and civilian meteorologists at the Bahrain Meteorological Office, Bahrain 
International Airport between 1991 and 1994. These measurements were then 
averaged into monthly summaries. The monthly climatic summaries account for 
extreme maximum temperatures, mean maximum temperatures, mean temperatures, 
mean minimum temperatures, extreme minimum temperatures, total precipitation 
accumulation, days with precipitation, days with thunder, relative humidities, peak 
wind speeds, and obstructions to surface visibility such as smoke, haze, fog, and 
suspended/blowing dust/sand.
FIGURE 1: Map of the Arabian Peninsula
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CHAPTER I. REGIONAL CLIMATOLOGY
Kuwait and northern Saudi Arabia are desert locations that have similar 
climatological conditions. The region is bounded to the east by the Persian Gulf, a 
relatively shallow and saline body of water. Salt marshes along the northern portions 
of the Persian Gulf extend from Kuwait to Iran. The marshes are covered with a layer 
of fine dust and act as a major particulate source for dust storms. Sand dune fields 
are located between Kuwait and Dhahran and extend inland between 50 to 200 miles. 
On Dhahran Air Base a vast array of shrub brush limits the development o f large-scale 
dust storms, but everyday in the summer gusty surface winds suspend sand and dust in 
the troposphere; these particles reduce atmospheric visibility at the surface and leave a 
coating o f dust on all exposed objects. The surface crust of the desert throughout 
Saudi Arabia, Kuwait and Iraq was severely disturbed by mechanized vehicles during 
the Gulf War which produced more sand and dust particulates for suspension in the 
atmosphere. Over the past few years, gusty surface winds transported sand and dust 
particulates throughout the Arabian Peninsula and the surrounding Persian Gulf 
region. The advected particulates probably covered all smoke particulate deposits in 
the desert; therefore, the desert surface albedo should not have changed as a result of 
the oil fires. During the spring and summer months, strong surface winds lifted sand
8
9and dust into the atmosphere and produced a haze layer aloft which limited slant range 
visibility. During the Kuwait oil fires, the smoke aerosols may have mixed with the 
dust particles aloft to strengthen the haze layer aloft and reduce solar insulation at the 
surface.
The regional climatology can be broken into four seasons: Summer Shamal, Fall 
Transition, Winter Shamal, and Spring Transition. Since most o f the Kuwait oil fire 
smoke particulates remained suspended in the lower atmosphere, the strong 
northwesterly winds that dominate the low level flow throughout the year transported 
the particulates over portions of Saudi Arabia and the Persian Gulf which resulted in 
significant meteorological impacts during 1991.
The United States Air Force (USAF) Air Weather Service Climatic Briefs and the 
International Station Meteorological Climate Summary served as the climatic 
background used to recreate the climatological conditions used in this study. Data 
evaluations and conclusions were drawn by relating 1991 observations to the stated 
climatological values and to all documented weather observations from 1991 through 
1994.
THE SUMMER SHAMAL: As the sun’s declination angle approaches 23.5 
degrees north latitude, intense solar radiation establishes a thermal low pressure trough 
in the region that extends from Iraq through Saudi Arabia, into Pakistan and western 
India. Strong solar insulation, dry northwesterly low level winds and cloud free 
conditions dominate the climate between Kuwait and Dhahran. Summer high 
temperatures have been recorded as high as 124 degrees Fahrenheit at Dhahran.
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During the day, the wind blows from 20 to 35 knots throughout the region, but at 
night under strong radiational cooling, winds normally decrease to approximately 10 
knots or less as a radiational inversion sets up between 1500 and 2000 feet above 
ground level. Just above the inversion a strong low level jet, which often exceeds 50 
knots, is produced and causes extensive low level wind shear. This wind shear is quite 
abrupt and very hazardous for aircraft operations. Northwesterly surface winds advect 
very dry air into the region, and the average afternoon relative humidity hovers near or 
below 25 percent. This weather pattern usually persists in June and July for 40 to 60 
days with little or no change. The sand dune fields in Syria, southern Iraq, Kuwait and 
northern Saudi Arabia are prime locations for the development of major dust storms. 
Suspended dust is advected by the low level wind flow between the surface and 
700mb. Figures 2 and 3 [Walters et al. 1988] show the summer 850mb and 700mb 
mean wind flow.
FIGURE 2: 850mb July Mean Wind Flow Diagram
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The mean July 850 millibar (mb) wind flow diagram shows that northwesterly 
winds dominate at altitudes near 5000 feet above sea level. These persistent 
northwesterly winds advected large amounts o f smoke particles over the Persian Gulf 
and eastern portions o f Saudi Arabia. Occasionally smoke was advected inland to 
other portions of Saudi Arabia, but the eastern regions experienced most of the smoke 
and soot fallout in Saudi Arabia. The low pressure area in the Empty Quarter located 
on the Arabian Peninsula is a reflection of the thermal low pressure system at the 
surface caused by cloud-free skies and intense solar radiation. The heat low is the 
dominate synoptic weather feature at the surface and lower levels of the region. A 
resulting low level jet is produced at or below 850mb and generates the strongest 
winds in the entire vertical profile of the regions atmosphere. Skew-T plots in the 
summer of 1994 near Dhahran indicated the maximum atmospheric winds were near
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2,000 feet above the ground, and wind speeds exceeding 50 knots were often recorded 
on nocturnal soundings. The northwesterly wind flow in the lower atmosphere 
between Kuwait and Dhahran, as indicated in figure 2 and figure 3 flow diagrams, 
advected smoke from the Kuwait oil fires mostly toward Dhahran, Saudi Arabia and 
Bahrain in the summer months o f 1991. Little to no directional wind shear in the 
vertical wind profile between 850mb and 700mb allowed for uniform transport of the 
smoke plumes without major plume fanning. The low level winds advected the smoke 
plumes with discrete lateral boundaries which followed similar parameters to summer 
dust and sand storms. Although Bahrain and Dhahran are only separated by 
approximately 20 miles, in the summer of 1991 Bahrain reported observations of 
smoke nearly every day while Dhahran reported smoke approximately 50 to 60 
percent o f the days.
FIGURE 3: 700mb July Mean Wind Flow Diagram
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At 700mb, the winds speeds tend to be slower, usually between 15 and 30 knots, 
but the overall wind flow pattern is similar to the 850mb level. The lack of directional 
shear in figure 2 and figure 3 is clearly evident. Weak high pressure aloft and 
extremely dry air advection eliminates convection and vertical motion.
Major sand storms often develop northwest of Saudi Arabia. These systems 
typically bring the lowest surface visibility from settling dust downwind of the 
generation point. The major summer sand storms, known as shamals, usually do not 
cover the entire Arabian Peninsula because most sand storms are generated from a 
point source and act like smoke extruded through a industrial smoke stack. The 
sand/dust plumes tend to spread almost uniformly with the wind flow in the lower 
atmosphere, and the possibility of any specific location being hit with a sand/dust 
storm is directly related to the point source location and the environmental wind flow
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parameters of the lower atmosphere. The oil fire smoke plumes followed the same 
transport characteristics as point source sand dust storms, and time lapse satellite 
imagery confirmed a similarity o f smoke plume transport with large-scale industrial 
smoke stack emissions [Limay et al. 1992]. Since solar radiation is scattered by 
airborne sand/dust particles, cooler daytime temperatures have been recorded at the 
surface of areas under the influence of the large sandstorms. In 1994, the author 
observed afternoon temperatures drop more than 10 degrees Fahrenheit within 
seconds of the onset of a dust storm It is suggested by this author that the 1991 
smoke plumes inhibited solar radiation in a similar fashion as a major dust or sand 
storm.
Typically on a summer day, the regional surface winds range between 18 and 30 
knots with localized blowing sand and dust reduce surface visibility between 3 and 5 
statute miles. The worst surface visibility from a dust/sand event occurs when 
airborne dust settles out o f the lower atmosphere. This happens when the surface 
wind is typically less than 15 knots, and the resulting surface visibility usually drops 
below 1/2 statute mile. Average summer afternoon high temperatures in Saudi Arabia 
are around 110 degrees Fahrenheit, and the overnight low temperatures are close to 85 
degrees Fahrenheit while in Bahrain high temperatures remain closer to 100 degrees.
In Saudi Arabia the relative humidity is very low, but in Bahrain the relative humidity 
is fairly high due to the influence of the Persian Gulf. Fog usually does not occur until 
August when the strong northwesterly surface winds begin to weaken. Also, there is 
no precipitation throughout the summer months, and clouds are rarely seen.
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THE FALL TRANSITION: During the autumn months, in Saudi Arabia, the 
intense solar radiation diminishes as the solar angle of declination shifts south toward 
the equator. Since the Arabian heat low at the surface breaks down, the low level 
northwesterly winds weaken, and shamal occurrences are less frequent. In 1991 
northerly to northwesterly flow dominated the lower atmosphere as indicated by 
figures 4 and 5 [Walters et al, 1988], but increased directional shear in the vertical may 
have caused smoke plume fanning which advected smoke away from Saudi Arabia 
during the autumn months of 1991.
FIGURE 4: 850mb October Mean Wind Flow Diagram
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The October 850mb mean wind flow diagram still indicates northwesterly flow, but 
the streamline analysis does not show a closed circulation in the Empty Quarter of 
Saudi Arabia. As the surface thermal low dissipates, the wind gradient aloft also 
weakens resulting in lower wind speeds between the surface and 5,000 feet.
FIGURE 5: 700mb October Mean Wind Flow Diagram
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The October average wind flow at 700mb is more westerly than the summer 
months, and the westerly flow deflected the oil fire smoke towards the central Persian 
Gulf and Iran. In late fall, the polar jet approaches the Arabian Peninsula from the 
north and brings transitory weather patterns through Iraq, Kuwait and northern Saudi 
Arabia. Average autumn high temperatures drop from the low 100s in September to
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the low to middle 80s in November. The overnight low temperatures range from the 
upper 70s in September to the mid 60s in November. The chance of precipitation 
usually returns to the region in November. Localized land breeze and sea breeze 
oscillations advect low level moisture to fuel more fog occurrences in Saudi Arabia 
and relative humidities begin a steady climb. The Fall Transition yields rapidly to the 
Winter Shamal season in December.
THE WINTER SHAMAL: Precipitation in this region is minimal, but occurs when 
transitory weather systems strike the region. Northern countries like Iraq tend to have 
more low pressure center passages and thus receive more precipitation than the areas 
in Saudi Arabia. Winter Shamals are sand storms that develop behind relatively strong 
cold fronts which move through the Arabian Peninsula. There are two types of Winter 
Shamals, and their differences depend upon the strength of the cold front, the intensity 
the winds behind the front and the duration of the resulting sand stomL A 3 to 5 day 
shamal is usually produced when a strong low pressure system tracks through Iraq and 
the trailing cold front moves through the entire Arabian Peninsula and dissipates over 
the Arabian Sea. Strong northwesterly winds usually strike 3 to 6 hours after frontal 
passage and can produce a large scale sand storm throughout the region. As the cold 
air continues to advect into the region, large amounts o f sand and dust are lifted into 
the atmosphere and limit visibility at the surface and aloft. When weaker low pressure 
systems move through the region, the trailing cold front typically moves halfway 
through the Arabian Peninsula and shamal conditions usually last for 24 to 36 hours. 
Ahead of these cold fronts, the continuous northerly to northwesterly low level wind
flow is disrupted by southerly wind flow. Most of the precipitation associated with the 
Shamals is negligible, but there are occasions when thunderstorms produce heavy 
downpours and localized flooding to the region. Mean high temperatures remain near 
the lower 70’s, and the low temperatures are normally in the middle 50’s. The average 
rainfall amount during the winter months is close to 2 inches, but rare heavy rains have 
left 24-hour precipitation totals at Dhahran of 1.8 inches in both December and 
January. Figures 6 and 7 [Walters et al. 1988] demonstrate the standard low level 
flow.
FIGURE 6: 850mb January Mean Wind Flow Diagram
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The streamlines at 850mb denote northwesterly flow while the westerly wind 
flow at 700mb, shown in figure 7, significantly reduced the threat of oil smoke
advection along the western shores of the Persian Gulf during the winter months of 
1991. Significant directional shear is evident between the surface and 10,000 feet as 
indicated in figures 6 and 7. Although there were a handful o f smoke events reported 
at Dhahran and Bahrain in January and February of 1991, it is not clear whether the 
events were caused by the oil fires or battle field induced contaminants.
FIGURE 7: 700mb January Mean Wind Flow Diagram
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The winter months usually bring the cloudiest days to the region with the highest 
probability o f rain. Isolated heavy precipitation can occur from an occasional 
thunderstorm in a transitory synoptic weather pattern. The threat o f more frequent 
thunderstorms and potential severe weather arrives with the Spring Transition.
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THE SPRING TRANSITION: During the spring transition, frontal passages 
become infrequent throughout most of Saudi Arabia, but occasional storms can 
produce severe thunderstorms throughout northern Saudi Arabia. Usually the spring 
transition period is depicted by rare frontal passages, decreasing cloudiness, and 
localized land and sea breezes. Lower level atmospheric flow is northwesterly as 
indicated by figures 8 and 9 [Walters et al. 1988].
FIGURE 8: 850mb May Mean Wind Flow Diagram
Northwesterly flow at 850mb is still in place, but during the spring the low level wind 
speed begins to increase and advects adiabatic dry air from the mountains to the 
northwest of the Arabian Peninsula.
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FIGURE 9: 700mb May Mean Wind Flow Diagram
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At 700mb the northwest flow returns to the region, and the vertical directional wind 
shear decreases. Southward advection of smoke from the oil fires during the spring of 
1991 resulted from the lack of vertical direction wind shear. Mean high temperatures 
increase from the 70s in March to near 100 in May. Low temperatures also climb 
from the mid 50’s to the upper 70’s while cloud cover decreases. The seasonal 
precipitation is close to 1 inch, and the gradual establishment of strong and persistent 
low level northwesterly wind flow leads to the Summer Shamal.
CHAPTER E: DHAHRAN 1991-1994
During 1991 Dhahran detected smoke on 100 separate days, and the majority of 
the smoke events occurred between March and September. As discussed earlier, the 
low level wind flow facilitated transport o f smoke particulates during the spring and 
summer months. Resulting mean maximum and mean temperatures were significantly 
lower than normal. After the Kuwait oil fires were extinguished, there was not a 
single report o f smoke as of 31 December 1994.
Several figures and tables will be used to display data and statistics. The format for 
chapter 2 through chapter 4 will be identical. Therefore, a detailed explanation of 
figure and table formats will be illustrated in chapter 2 only. For each item examined, 3 
tables and 4 figures are displayed and analyzed. Subsequent chapters will strictly 
adhere to data examination. The first table lists the data recorded from 1991 through 
1994, and it displays the climatological normal under the heading “Climo”. The first 
figure graphically displays the data from the first table. All graphs contain a legend to 
the right o f the graph to designate data color codes or gray shades. The second table 
lists the standard deviations for each year compared to the climatological normal. The 
left column will have titles for each row like “SD 1991” which stands for the 1991 
standard deviations. The second figure will graphically display the
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standard deviations. The third table lists the 1991 data in row 1, the average of 1992 
through 1994 data in row 2, the 1991 standard deviations from climatology in row 3, 
the 1992 through 1994 data average standard deviations from climatology in row 4 
and the difference between the 1991 standard deviations and the 1992 through 1994 
data average standard deviations. The third figure is a graphical display of the third 
table. Since the standard deviations are often significantly lower values than the 
receded data, a fourth figure is used to closely examine the standard deviations and 
standard deviation differences from the third table. The standard deviation is a 
measure o f how widely values are dispersed from the average value (the mean), and 
the standard deviations in this study were calculated using the “nonbiased” or “n-1” 
method. The equation used for the standard deviation computations was:
y n(n  - 1)
A short summary written before each set of tables and figures highlights the key 
findings in each section. Not all o f the tables and figures were described in detail. The 
tables and graphs were developed to manage the extensive data base, to provide 
statistical analysis and to provide a usable reference for future studies. All o f the 
surface weather observations for Dhahran Air Base from January 1991 to December 
1994 have been compiled into monthly climatic summaries and used as a data base. 
Temperatures will be examined first, followed by relative humidity, precipitation, peak 
winds and finally, obstructions to surface visibility. All temperatures are recorded in 
degrees Fahrenheit; all precipitation totals are in inches; all wind speeds are in knots.
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DHAHRAN EXTREME MAXIMUM TEMPERATURES: Extreme values
often do not accurately indicate trends or impacts. In this study the three locations, 
Dhahran, Bahrain and Riyadh, experienced significant differences in the number of 
days with reported smoke; so, the extremes are studied to see if  a correlation between 
smoke events and extreme values can he established. The highest temperature which 
occurred in each month was documented and compared to climatology as displayed in 
table 1. Most o f the comparatively lowest extreme high temperatures for each month 
were detected in the summer months of 1991 and the winter months o f 1992. The 
record high temperatures for May and June were set in 1993. Figure 10 displays the 
extreme maximum temperatures for Dhahran. One item to note is the lowest seasonal 
temperatures were observed in the summer of 1991. None of the 1991 values 
represent the highest monthly temperatures during the 4 years examined. Table 2 
shows the standard deviations for 1991 through 1994, and the highest standard 
deviations occurred in the winter months. Table 3 and figures 11-13 show the extreme 
temperatures and the standard deviation differences between 1991 and the 1992 
through 1994 average. The 1991 extreme high temperatures were considerably lower 
than the 1992 through 1994 extreme temperature average. Significant standard 
deviation differences are noted in February, May, June, July and August. High 1991 
summer standard deviations are probably related to decreased solar insulation from the 
enhanced haze layer aloft due to the diffusion of smoke particulates into the lower 
atmosphere.
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TABLE 1: DHAHRAN EXTREME MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 77 75.2 91.4 102.2 107.6 111.2 111.2 114.8 109.4 105.8 95 82.4
1992 75.2 78.8 82.4 98.6 109.4 120.2 118.4 120.2 114.8 107.6 95 84.2
1993 77 82.4 93.2 102.2 118.4 123.8 116.6 120 109.4 105.8 95 78.8
1994 82.4 82.4 93.2 107.6 114.8 118.4 114.8 114.8 109.4 105.8 95 82.4
Climo 96 96 100 113 118 123.8 120 124 118 112 99 90
FIGURE 10
DHAHRAN EXTREME MAXIMUM TEMPERATURES
140 T
fm120  -
100  - - :i “ 1991
80 -
60 -
40 -
20  -
CD
LU
LL
26
TABLE 2: DHAHRAN EXTREME MAXIMUM TEMPERATURE
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 13.44 14.71 6.08 7.64 7.35 8.91 6.22 6.51 6.08 4.38 2.83 5.37
SD 1992 14.71 12.16 12.45 10.18 6.08 2.55 1.13 2.69 2.26 3.11 2.83 4.10
SD 1993 13.44 9.62 4.81 7.64 0.28 0 2.40 2.83 6.08 4.38 2.83 7.92
SD 1994 9.62 9.62 4.81 3.82 2.26 3.82 3.68 6.51 6.08 4.38 2.82 5.37
FIGURE 11
DHAHRAN EXTREME MAXIMUM TEMPERATURE STANDARD
DEVIATIONS
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TABLE 3: DHAHRAN EXTREME MAXIMUM TEMPERATURE
STANDARD DEVIATIONS 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 77 75.2 91.4 102.2 107.6 111.2 111.2 114.8 109.4 105.8 95 82.4
AVG 92-94 78.2 81.2 89.6 102.8 114.2 120.8 116.6 118.3 111.2 106.4 95 81.8
SD 1991 13.44 14.71 6.08 7.64 7.35 8.91 6.22 6.51 6.08 4.38 2.83 5.37
SD 92-94 12.59 10.47 7.35 7.21 2.69 2.12 2.40 4.01 4.81 3.96 2.83 5.80
SD DIFF 0.85 4.24 -1.27 0.42 4.67 6.79 3.82 2.50 1.27 0.42 0 •0.42
FIGURE 12
DHAHRAN EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 13
DHAHRAN EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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D H A H R A N  M E A N  M A X IM U M  TEM PERATURES: Table 4 shows 
Dhahran’s monthly mean maximum temperatures. The lowest late spring and summer 
mean high temperatures were recorded in 1991. In fact, 1991 summer temperatures 
ranged from 3 to 6 degrees cooler than any other year studied, and were 1.4 to 3 
degrees cooler than the climatological standard. The 1992 through 1994 summer 
temperatures averaged close to 110 degrees whereas the 1991 average values were 
roughly 103 to 106 degrees. Figure 14 clearly shows the lower 1991 temperature 
values. Also note the higher than normal temperatures in 1992 and 1993. Table 5 
shows the standard deviation over the 4 years period, and the highest deviations were 
actually detected during May and June 1993. The higher standard deviations of 1992 
and 1993 are also depicted on figure 15. These higher temperatures statistically 
negated the lower than normal 1991 temperatures and the result upon climatological 
statistics will be negligible as depicted in table 6 and figures 16 and 17. Smoke was 
advected over Dhahran on 100 separate days during 1991, and 97 of those days 
occurred between March and September [Dowling and Levine, 1996]. The smoke 
restricted surface visibility and often reduced afternoon high temperatures. The smoke 
was not continuous at Dhahran — August 1991 had the maximum days of smoke 
detection with 18, and on those days, smoke was not present for the entire period. 
During a typical day with smoke the skies could have been smoke free until late in the 
day after maximum heating had passed, and if a smoke event struck Dhahran at that 
time, the monthly statistics would not have recognized the temperature cooling inpact 
of the smoke. Although the 1991 summer standard deviation statistics are not overly
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impressive, they highlight the fact that the Kuwait oil fires did impact the regional 
temperatures during 1991.
TABLE 4: DHAHRAN MEAN MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 69.4 70.4 74.7 90.7 96 102.6 106.6 105.9 103.4 95.6 83.7 72.5
1992 62.6 67.3 70.9 86.9 100.6 111 110.7 112.4 108.8 98.3 85.6 69.5
1993 62.9 68.8 79.4 88.2 105.8 115.1 110.2 109 104.7 96.2 83.5 75.3
1994 72.6 74.7 80.5 96.1 101 108.9 110.6 107.4 103.5 96.2 87 71.4
Climo 70 72 79 90 99 106 108 108 103 95 84 73
FIGURE 14
DHAHRAN MEAN MAXIMUM TEMPERATURES
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TABLE 5: DHAHRAN MEAN MAXIMUM TEMPERATURE
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.42 1.13 3.04 0.50 2.12 2.40 0.99 1.48 0.28 0.42 0.21 0.35
SD 1992 5.23 3.32 5.73 2.19 1.13 3.54 1.91 3.11 4.10 2.33 1.13 2.47
SD 1993 5.02 2.26 0.28 1.27 4.81 6.43 1.55 0.71 1.20 0.85 0.35 1.63
SD 1994 1.84 1.91 1.06 4.31 1.41 2.05 1.84 0.42 0.35 0.85 2.12 1.13
FIGURE 15
DHAHRAN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS
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TABLE 6: DHAHRAN MEAN MAXIMUM TEMPERATURE
STANDARD DEVIATIONS 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 69.4 70.4 74.7 90.7 96 102.6 106.6 105.9 103.4 95.6 83.7 72.5
1992-1994 66.03 70.27 76.93 90.4 102.5 111.7 110.5 109.6 105.7 96.9 85.37 72.07
SD 1991 0.42 1.13 3.04 0.49 2.12 2.40 0.99 1.48 0.28 0.42 0.21 0.35
SD 92-94 2.80 1.23 1.46 0.28 2.45 4.01 1.77 1.13 1.89 1.34 0.97 0.66
SD DIFF -2.38 -0.09 1.58 0.21 -0.33 -1.60 -0.78 0.35 -1.60 -0.92 -0.75 -0.31
FIGURE 16
DHAHRAN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
120 T
FIGURE 17
DHAHRAN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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DHAHRAN MEAN TEMPERATURES: Mean temperatures at Dhahran
examined over the 4 year period displayed similar characteristics to the mean 
maximum temperature profiles previously discussed. Dhahran mean temperatures 
were lowered as a result o f the Kuwait oil fires, but lasting impact can not be detected. 
Table 7 shows the lower 1991 temperature values during the highest smoke detection 
months, and the higher than normal temperatures during the spring of 1993. Once 
again the highest standard deviations did not occur during 1991 as illustrated in table 8 
and figure 19. Table 9 and figures 20 and 21 show the standard deviation differences 
of the mean temperatures are negligible.
TABLE 7: DHAHRAN MEAN TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 61.8 59.7 67.1 80 84.8 92.2 95.6 95.4 91.8 85.4 72.5 64.2
1992 54.9 57.3 62.8 75.2 89.1 94.9 97 98.4 93.1 84.4 73.9 62.4
1993 55.5 60.5 69.6 78.4 93.7 101 97 97 90 85.4 73.4 65.2
1994 62.6 60.6 70.4 82.8 89.9 94.3 98.9 95.6 91.4 85.4 77.1 62.6
Climo 61 63 70 79 88 94 97 96 94 84 74 65
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FIGURE 19
DHAHRAN MEAN TEMPERATURE STANDARD DEVIATIONS
TABLE 9: DHAHRAN MEAN TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 61.8 59.7 67.1 80 84.8 92.2 95.6 95.4 91.8 85.4 72.5 64.2
1992-1994 57.67 59.47 67.6 78.8 90.9 96.73 97.63 97 91.5 85.07 74.8 63.4
SD 1991 0.57 2.33 2.05 0.71 2.26 1.27 0.99 0.42 1.56 0.99 1.06 0.57
SD 92-94 2.36 2.50 1.70 0.14 2.05 1.93 0.45 0.71 1.77 0.75 0.57 1.13
SD DIFF -1.79 -0.16 0.35 0.57 0.21 -0.66 0.54 -0.28 -0.21 0.24 0.49 -0.57
FIGURE 20
DHAHRAN MEAN TEMPERATURE STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
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DHAHRAN MEAN MINIMUM TEMPERATURES: Smoke tends to
reduce solar insulation, but it is transparent to infrared terrestrial radiation [Pilewskie 
and Valero, 1992]. Therefore, if  a continuous smoke plume covers an area, afternoon 
high temperatures would be lower than normal, but nocturnal low temperatures would 
remain unchanged. May was the only month during 1991 which recorded the lowest 
mean minimum monthly temperature when compared against 1992 through 1994 data. 
Most of the mean low temperatures during the smoke affected months o f 1991 are 
very close to the climatological average. These results prove that mean low 
temperatures at Dhahran were not adversely affected by the Kuwait oil fires. Table 10 
and figure 22 show that mean minimum temperatures are very close to normal for all 
the months considered. The standard deviations in tables 11 and 12 and figures 23-25 
indicate the largest deviations occurred during the winter o f 1992 and summer of 
1993. Statistical variations in the mean low temperatures over the 4 year period are 
depicted in table 12 and figures 24 and 25.
TABLE 10: DHAHRAN MEAN MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 54.3 55 59.4 69.3 73.6 81.8 84.5 84.9 80.2 75.1 63.9 58.1
1992 47.3 50.8 54.6 66.3 77.5 83 83.4 84.5 81.6 70.4 64.9 55.3
1993 48.1 52.2 59.7 67 81.5 86.8 84.3 84 79.2 74.7 63.3 55
1994 52.5 51.5 60.3 69.4 78.8 83.8 87 83.8 81.1 74.7 70.2 53.8
Climo 53 54 60 68 77 82 85 84 79 72 65 56
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FIGURE 22
DHAHRAN MEAN MINIMUM TEMPERATURES
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TABLE 11: DHAHRAN MEAN MINIMUM TEMPERATURE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.92 0.71 0.42 0.92 2.40 0.14 0.35 0.64 0.85 2.19 0.78 1.48
SD 1992 4.03 2.26 3.82 1.20 0.35 0.71 1.13 0.35 1.84 1.131 0.07 0.49
SD 1993 3.46 1.27 0.21 0.71 3.18 3.39 0.49 0 0.14 1.91 1.20 0.71
SD 1994 0.35 1.77 0.21 0.99 1.27 1.27 1.41 0.14 1.48 1.91 3.68 1.56
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FIGURE 23
DHAHRAN MEAN MINIMUM TEMPERATURE STANDARD 
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TABLE 12: DHAHRAN MEAN MINIMUM TEMPERATURE 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 54.3 55 59.4 69.3 73.6 81.8 84.5 84.9 80.2 75.1 63.9 58.1
1992-1994 49.3 51.5 58.2 67.57 79.27 84.53 84.9 84.1 80.63 73.27 66.13 54.7
SD 1991 0.92 0.71 0.42 0.92 2.40 0.14 0.35 0.64 0.85 2.19 0.78 1.48
SD 92-94 2.61 1.77 1.27 0.31 1.60 1.79 0.07 0.07 1.15 0.90 0.80 0.92
SD DIFF -1.70 -1.06 -0.85 0.61 0.80 -1.65 0.28 0.57 -0.31 1.30 -0.02 0.57
FIGURE 24
DHAHRAN MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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DHAHRAN EXTREME MINIMUM TEMPERATURES: Only one 
extreme low temperature record was set during the period of study, May 1994, as 
shown in table 13 and figure 26. High deviations occurred in the extreme minimum 
temperatures, table 14 and figure 27, as expected. Examination of the data does not 
indicate any strange trends or variances. When 1991 data was compared to 1992 
through 1994 averaged data in table 15 and figures 28 and 29, the resulting values 
were very close and no significant variations were detected.
TABLE 13: DHAHRAN EXTREME MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 33.8 44.6 48.2 59 64.4 75.2 77 80.6 75.2 64.4 51.8 44.6
1992 39.2 41 44.6 57.2 69.8 78.8 75.2 78.8 75.2 64.4 50 46.4
1993 37.4 42.8 50 60.8 68 78.8 78.8 79 75.2 69.8 50 50
1994 44.6 44.6 51.8 51.8 57.2 75.2 80.6 78.8 77 69.8 59 41
Climo 31 34 41 50 57.2 67 70 72 66 54 46 38
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FIGURE 26
DHAHRAN EXTREME MINIMUM TEMPERATURES
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TABLE 14: DHAHRAN EXTREME MINIMUM TEMPERATURE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.98 7.50 5.09 6.36 5.09 5.80 4.95 6.08 6.51 7.35 4.10 4.67
SD 1992 5.80 4.95 2.55 5.09 8.91 8.34 3.68 4.81 6.51 7.35 2.823 5.94
SD 1993 4.53 6.22 6.36 7.64 7.64 8.34 6.22 4.95 6.51 11.17 2.83 8.49
SD 1994 9.62 7.50 7.64 1.27 0 5.80 7.50 4.81 7.78 11.17 9.19 2.12
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FIGURE 27
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TABLE 15: DHAHRAN EXTREME MINIMUM TEMPERATURE 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 33.8 44.6 48.2 59 64.4 75.2 77 80.6 75.2 64.4 51.8 44.6
1992-1994 40.4 42.8 48.8 56.6 65 77.6 78.2 78.87 75.8 68 53 45.8
SD 1991 1.98 7.50 5.09 6.36 5.09 5.80 4.95 6.08 6.51 7.35 4.10 4.67
SD 92-94 6.65 6.22 5.52 4.67 5.52 7.50 5.80 4.86 6.93 9.90 4.95 5.52
SD DIFF -4.67 1.27 -0.42 1.70 -0.42 -1.70 -0.85 1.23 -0.42 -2.55 -0.85 -0.85
FIGURE 28
DHAHRAN EXTREME MINIMUM TEMPERATURE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 29
DHAHRAN EXTREME MINIMUM TEMPERATURE 
STANDARD DEVIATION DIFFERENCES
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DHAHRAN MEAN MORNING RELATIVE HUMIDITY: Monthly
maximum and minimum values for morning relative humidity are scattered throughout 
table 16 and figure 30. There does not seem to be any trend or significant variation 
that can be related to the Kuwait oil fires. The largest standard deviations occurred in 
April and July o f 1993 as depicted in table 17 and figure 31. Relative humidity 
variances appear to be random and the data leads to no conclusive results. Figure 32 
and 33 indicate large variances in April and May values for 1991 vs 1992-1994 
averages. The differences probably are related to the time of arrival o f the Spring 
Transition period; and thus, lead the author to believe the standard deviation 
differences in figure 33 are insignificant.
TABLE 16: DHAHRAN MEAN MORNING RELATIVE HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 83 75 80 49 38 43 37 45 66 76 80 78
1992 74 80 81 66 52 42 42 58 71 70 76 81
1993 85 79 79 77 49 35 59 51 69 80 76 83
1994 87 77 76 67 46 40 36 44 65 80 75 68
Climo 80 78 72 57 47 33 39 45 60 68 75 78
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FIGURE 30
DHAHRAN MEAN MORNING RELATIVE HUMIDITY
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TABLE 17: DHAHRAN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.12 2.12 5.66 5.66 6.36 7.07 1.41 0 4.24 5.66 3.54 0
SD 1992 4.24 1.41 6.36 6.36 3.54 6.36 2.12 9.19 7.78 1.41 0.71 2.12
SD 1993 3.54 0.71 4.95 14.14 1.41 1.41 14.1 4.24 6.36 8.49 0.71 3.54
SD 1994 4.95 0.71 2.83 7.07 0.71 4.95 2.12 0.71 3.54 8.49 0 7.07
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FIGURE 31
DHAHRAN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS
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TABLE 18: DHAHRAN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 83 75 80 49 38 43 37 45 66 76 80 78
1992-1994 82 78.67 78.67 70 49 39 45.67 51 68.33 76.67 75.67 77.33
SD 1991 2.12 2.12 5.66 5.66 6.36 7.07 1.41 0 4.24 5.66 3.54 0
SD 92-94 1.41 0.47 4.71 9.19 1.41 4.24 4.71 4.24 5.89 6.13 0.47 0.47
SD DIFF 0.71 1.65 0.94 -3.54 4.95 2.83 -3.30 -4.24 -1.65 -0.47 3.06 -0.47
FIGURE 32
DHAHRAN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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DHAHRAN MEAN AFTERNOON RELATIVE HUMIDITY: Mean
Afternoon relative humidity data is also inconclusive. Monthly maximum and 
minimum values for morning relative humidity are scattered throughout table 19, and 
there does not seem to be any trend or significant variation that can be related to the 
Kuwait oil fires. The largest standard deviations occurred in April o f 1993 as depicted 
in table 20 and figure 35. Figure 36 shows opposite results to figure 32 for relative 
humidity differences between 1991 and the 1992-1994 average values. The June 
through October 1991 afternoon relative humidity values are larger than the 1992- 
1994 average values. Assuming a constant dew point temperature, the higher 
afternoon relative humidity would be related to the lower 1991 summer temperatures.
TABLE 19: DHAHRAN MEAN AFTERNOON RELATIVE 
HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 55 50 43 26 21 22 28 31 36 42 42 54
1992 48 48 48 32 25 16 22 30 28 29 42 59
1993 61 54 46 49 23 16 32 23 31 41 44 48
1994 58 37 38 31 25 18 15 22 32 41 48 53
Climo 51 46 42 29 24 17 20 23 27 33 46 52
51
FIGURE 34
DHAHRAN MEAN AFTERNOON RELATIVE HUMIDITY
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TABLE 20: DHAHRAN MEAN AFTERNOON RELATIVE 
HUMIDITY STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.83 2.83 0.71 2.12 2.12 3.54 5.66 5.66 6.36 6.36 2.83 1.41
SD 1992 2.12 1.41 4.24 2.12 0.71 0.71 1.41 4.95 0.71 2.83 2.83 4.95
SD 1993 7.07 5.66 2.83 14.14 0.71 0.71 8.49 0 2.83 5.66 1.41 2.83
SD 1994 4.95 6.36 2.83 1.41 0.71 0.71 3.54 0.71 3.54 5.66 1.41 0.71
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FIGURE 35
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TABLE 21: DHAHRAN MEAN AFTERNOON RELATIVE 
HUMIDITY STANDARD DEVIATIONS, 1991 vs 1992-1994 
AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 55 50 43 26 21 22 28 31 36 42 42 54
1992-1994 55.67 46.33 44 37.33 24.33 16.67 23 25 30.33 37 44.67 53.33
SD 1991 2.83 2.83 0.71 2.12 2.12 3.54 5.66 5.66 6.36 6.36 2.83 1.41
SD 92-94 3.30 0.24 1.41 5.89 0.24 0.24 2.12 1.41 2.36 2.83 0.94 0.94
SD DIFF -0.47 2.59 -0.71 -3.77 1.89 3.30 3.54 4.24 4.01 3.54 1.89 0.47
FIGURE 36
DHAHRAN MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 37
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DHAHRAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION: Data for the number of days with measurable precipitation at
Dhahran may not be complete for 1992 observations. Monthly climatic summaries for 
Dhahran indicate no days with measurable precipitation, not even a trace. The month 
of May had a handwritten total o f 0.63 inches in the summary; therefore, the data was 
included in this study, but handled with caution. Bahrain and Riyadh both had 
numerous days of measurable precipitation in 1992 which also leads the author to 
believe that the Dhahran 1992 data is not accurate. The most important feature of the 
precipitation tables and figures is that precipitation during 1991 through 1994 
occurred only during months that traditionally experience rain. The Summer Shamal 
dry season remains dry which indicates no significant variation to the synoptic seasonal 
weather patterns.
TABLE 22: DHAHRAN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 0 0 0 0 0 0 0 0 0 0 0
1992 0 0 0 0 1 0 0 0 0 0 0 0
1993 7 5 0 4 2 0 0 0 0 0 0 1
1994 0 2 5 2 3 0 0 0 0 0 0 1
Climo 3 2 4 1 0 0 0 0 0 0 1 3
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FIGURE 38
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TABLE 23: DHAHRAN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.41 1.41 2.83 0.71 0 0 0 0 0 0 0.71 2.12
SD 1992 2.12 1.41 2.83 0.71 0.71 0 0 0 0 0 0.71 2.12
SD 1993 2.83 2.12 2.83 2.12 1.41 0 0 0 0 0 0.71 1.41
SD 1994 2.12 0 0.71 0.71 2.12 0 0 0 0 0 0.71 1.41
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FIGURE 39
DHAHRAN NUMBER OF DAYS WITH MEASURABLE 
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TABLE 24: DHAHRAN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 0 0 0 0 0 0 0 0 0 0 0
1992-1994 2.33 2.33 1.67 2 2 0 0 0 0 0 0 0.67
SD 1991 1.41 1.41 2.83 0.71 0 0 0 0 0 0 0.71 2.12
SD 92-94 0.47 0.24 1.65 0.71 1.41 0 0 0 0 0 0.71 1.65
SD DIFF 0.94 1.18 1.18 0 -1.41 0 0 0 0 0 0 0.47
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FIGURE 40
DHAHRAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATIONS, 1991 vs 
1992-1994 AVERAGE
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FIGURE 41
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DHAHRAN MEAN NUMBER OF DAYS WITH THUNDERSTORMS:
Thunder was reported on 19 separate days between 1991 and 1994. The only year 
that did not have thunderstorms in either March, April or May was 1991, but none of 
the other years experienced thunderstorms in all 3 spring months. No thunderstorm 
activity was reported between June and November of any of the years which reinforces 
the theory that large scale regional synoptic weather patterns remain unchanged. Also, 
table 25 and figure 42 show that 1992 reported 5 days with thunderstorms, but, as 
stated previously, not even a trace of rain was recorded. It is possible that the showers 
associated with the thunderstorms could have been in sight o f the weather observer 
with no precipitation falling on the weather station, but it is unlikely. This further 
proves the potential erroneous data presented in the number of days with precipitation 
and precipitation accumulation totals. Only the data from February 1993 as shown in 
table 26 and figure 43, stands out as a significant variation from climatology, but when 
averaged over time, the standard deviation is insignificant as illustrated by table 27 and 
figures 44 and 45.
TABLE 25: DHAHRAN NUMBER OF DAYS WITH
59
THUNDERSTORMS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 2 0 0 0 0 0 0 0 0 0 0
1992 0 0 0 1 2 0 0 0 0 0 0 2
1993 1 5 0 2 0 0 0 0 0 0 0 0
1994 0 0 2 0 1 0 0 0 0 0 0 0
Climo 1 1 2 2 1 0 0 0 0 0 0 1
FIGURE 42
DHAHRAN NUMBER OF DAYS WITH THUNDERSTORMS
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TABLE 26: DHAHRAN MEAN NUMBER OF DAYS WITH
THUNDERSTORMS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0 0.71 1.41 1.41 1.41 0 0 0 0 0 0 0.71
SD 1992 0.71 0.71 1.41 0.71 0.71 0 0 0 0 0 0 0.71
SD 1993 0 2.83 1.41 0 0 0 0 0 0 0 0 0.71
SD 1994 0.71 0.71 0 1.41 0 0 0 0 0 0 0 0.71
FIGURE 43
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TABLE 27: DHAHRAN MEAN NUMBER OF DAYS WITH
THUNDERSTORMS STANDARD DEVIATIONS, 1991 vs 1992-1994
AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 2 0 0 0 0 0 0 0 0 0 0
1992-1994 0.33 1.67 0.67 1 1 0 0 0 0 0 0 0.67
SD 1991 0 0.71 1.41 1.41 0.71 0 0 0 0 0 0 0.71
SD 92-94 0.47 0.47 0.94 0.71 0 0 0 0 0 0 0 0.24
SD DIFF -0.47 0.24 0.47 0.71 0.71 0 0 0 0 0 0 0.47
FIGURE 44
DHAHRAN NUMBER OF DAYS WITH THUNDERSTORMS 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 45
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DHAHRAN PRECIPITATION ACCUMULATION TOTALS: Although
the precipitation accumulation and days with measurable precipitation data may be 
questionable, all o f the tables and figures point to only one result: No significant 
change in climatological rainfall amounts. Once again the most significant fact that 
table 28 and figure 46 show is that the continued lack of precipitation between June 
and October proves the synoptic weather patterns have not been altered in the region. 
Most o f the heavier precipitation is associated with thunderstorm activity. Locations 
can receive most o f the annual rainfall from one or two thunderstorm down bursts. 
Although the study does not include 1995 data, the author is aware o f the extensive 
thunderstorm activity during the spring of 1995. The talk of the meteorological 
community led to the term the ‘TOO year rains” at locations like Dhahran. Localized 
flooding from the few days of heavy thunderstorm downpours damaged many building 
basements that acted like water collection points. Even with the extreme precipitation 
totals added into the equation, the climatology remains basically unchanged. 
Throughout 1995-1996 the author continued to track the regional weather on a nearly 
daily basis, and from observational experience, no major change in the synoptic 
weather and precipitation patterns were detected throughout the region. Table 29 and 
figure 47 show that all standard deviations are values less than one. Table 30 and 
figures 48 and 49 show that standard deviations differences are all less than 0.34.
Minor variances can be expected in precipitation totals because of the variables 
involved with desert rainfall production. None of the statistical results show 
significant variance.
TABLE 29: DHAHRAN PRECIPITATION ACCUMULATION 
TOTALS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.46 0.35 0.35 0.28 0.07 0 0 0 0 0 0.14 0.42
SD 1992 0.64 0.35 0.35 0.28 0.37 0 0 0 0 0 0.14 0.42
SD 1993 0.42 0.71 0.35 0.58 0.33 0 0 0 0 0 0.14 0.41
SD 1994 0.64 0.33 0.54 0.21 0.20 0 0 0 0 0 0.14 0.42
FIGURE 47
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TABLE 30: DHAHRAN PRECIPITATION ACCUMULATION
TOTALS STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 0.25 0 0 0 0 0 0 0 0 0 0 0
1992-1994 0.5 0.52 0.42 0.44 0.52 0 0 0 0 0 0 0.01
SD 1991 0.46 0.35 0.35 0.28 0.07 0 0 0 0 0 0.14 0.42
SD 92-94 0.28 0.01 0.06 0.03 0.30 0 0 0 0 0 0.14 0.42
SD DIFF 0.18 0.34 0.30 0.25 -0.23 0 0 0 0 0 0 0.01
FIGURE 48
DHAHRAN PRECIPITATION ACCUMULATION TOTALS 
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DHAHRAN PEAK WINDS: Three monthly peak wind speed records were set
during the period of study. The records set in June and October 1991 were a direct 
result o f shamal occurrences. The record setting wind speed o f 35 knots in January 
1991 was caused by a low level jet ahead of a frontal system. Since the maximum and 
minimum peak wind speed values are randomly dispersed throughout the 4 year 
period, there is no evidence that the Kuwait oil fires impacted peak wind speeds at 
Dhahran. Tables 31-33 and figures 50-53 clearly show the random distribution.
TABLE 31: DHAHRAN PEAK WINDS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 28 32 39 32 37 45 34 35 34 36 23 28
1992 35 39 28 38 30 33 35 33 26 22 28 23
1993 28 28 40 49 38 38 29 27 25 20 32 18
1994 23 27 31 31 32 35 34 34 27 29 26 24
Climo 35 55 43 49 40 45 40 38 37 36 35 28
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FIGURE 50
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TABLE 32: DHAHRAN PEAK WINDS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 4.95 16.26 2.83 12.02 2.12 0 4.24 2.12 2.12 0 8.49 0
SD 1992 0 11.31 10.61 7.78 7.07 8.49 3.54 3.54 7.78 9.90 4.95 3.54
SD 1993 4.95 19.09 2.12 0 1.41 4.95 7.78 7.78 8.50 11.31 2.12 7.07
SD 1994 8.49 19.80 8.49 12.73 5.66 7.07 4.24 2.83 7.07 4.95 6.36 2.83
FIGURE 51
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DHAHRAN PEAK WINDS STANDARD DEVIATIONS
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TABLE 33: DHAHRAN PEAK WINDS STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 28 32 39 32 37 45 34 35 34 36 23 28
1992-1994 28.67 31.33 33 39.33 33.33 35.33 32.67 31.33 26 23.67 28.67 21.67
SD 1991 4.95 16.26 2.83 12.02 2.12 0 4.24 2.12 2.12 0 8.49 0
SD 92-94 4.48 16.73 7.07 6.84 4.71 6.84 5.19 4.71 7.78 8.72 4.48 4.48
SD DIFF 0.47 -0.47 -4.24 5.19 -2.59 -6.84 -0.94 -2.59 -5.66 -8.72 4.01 -4.48
FIGURE 52
DHAHRAN PEAK WINDS STANDARD DEVIATIONS, 1991 vs  
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@1991 
H 1992-1994 
E3 SD1991 
E3 SD02-94 
BSD DIFF
FIGURE 53
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DHAHRAN DAYS WITH FOG: Most o f the fog produced occurs in the early
morning or is associated with rain and drizzle. An easterly directional wind 
component is required for morning fog to form at Dhahran. The easterly flow advects 
moisture from the Persian Gulf and results in higher dew point temperatures.
Table 34 lists the number o f monthly fog events while table 34A lists the 4 year totals 
and averages and compares the averages to recorded climatology. The largest 
differences between the 4 year average and climatology occurred in the summer 
months and in February. The other monthly averages are very close to climatological 
values. Table 35 and figure 55 show that the standard deviations are not very large, 
and when calculated in table 36 and figures 56 and 57, the standard deviation 
difference is small and can be ignored. Most of the fog events in July 1993 were 
associated with an easterly wind component. This generally did not occur in the other 
years studied, but based upon the climatological average, fog in July is not uncommon.
TABLE 34: DHAHRAN DAYS WITH FOG
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 5 4 4 0 0 0 3 13 6 7 6
1992 5 10 6 0 0 0 0 2 6 6 8 14
1993 11 3 3 1 0 0 5 3 14 7 9 17
1994 13 2 9 1 0 0 0 3 5 7 6 5
Climo 10 10 7 3 1 2 4 6 10 10 8 10
TABLE 34A: DHAHRAN FOG TOTALS AND AVERAGES
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Total
1991-1994
40 20 22 6 0 0 5 11 38 26 30 42
Avg
1991-1994
10 5 5.5 1.5 0 0 1.25 2.75 9.5 6.5 7.5 10.5
Climo 10 10 7 3 1 2 4 6 10 10 8 10
FIGURE 54
DHAHRAN DAYS WITH FOG
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TABLE 35: DHAHRAN DAYS WITH FOG STANDARD
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 3.54 2.12 0.71 0.71 1.41 2.83 2.12 2.12 2.83 0.71 2.83
SD 1992 3.54 0 0.71 2.12 0.71 1.41 2.83 2.83 2.83 2.83 0 2.83
SD 1993 0.71 4.95 2.83 1.41 0.71 1.41 0.71 2.12 2.83 2.12 0.71 4.95
SD 1994 2.12 5.66 1.41 1.41 0.71 1.41 2.83 2.12 3.54 2.12 1.41 3.54
FIGURE 55
DHAHRAN DAYS WITH FOG STANDARD DEVIATIONS
6
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TABLE 36: DHAHRAN DAYS WITH FOG STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 5 4 4 0 0 0 3 13 6 7 6
1992-1994 9.67 5 6 0.67 0 0 1.67 2.67 8.33 6.67 7.67
12
SD 1991 0.71 3.54 2.12 0.71 0.71 1.41 2.83 2.12 2.12 2.83 0.71 2.83
SD 92-94 0.24 3.54 0.71 1.65 0.71 1.41 1.65 2.36 1.18 2.36 0.24 1.41
SD DIFF 0.47 0 1.41 -0.94 0 0 1.18 -0.24 0.94 0.47 0.47 1.41
FIGURE 56
DHAHRAN DAYS WITH FOG STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
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DHAHRAN DAYS WITH SUSPENDED AND/OR BLOWING DUST 
AND/OR SAND: Dust is everywhere at Dhahran. Anytime the wind blows across
the desert, it suspends dust into the atmosphere and may not be visible to the human 
eye. Table 37 and figure 58 show the number o f days with reported sand and/or dust 
events. The data indicates a below normal number of sand/dust reports for 1991, 1992 
and 1993. The only year that was even remotely close to the climatological norm was 
1994. When the Gulf War started many scientists believed the mechanized vehicular 
traffic over the desert would disrupt the top layer o f the surface and would increase 
dust and sand storm activity. However, the data at Dhahran does not support that 
theory, and Dhahran is just one small point in the region and should not be used as a 
definitive reference. Maybe the military vehicles did not disrupt the desert surface to 
the degree that was initially estimated. A detailed study of all sand/dust storms in the 
region is required to verify or dispute the scientific theory which is beyond the scope 
of this paper.
Sand/dust storms usually do not affect the entire desert. The only time sand/dust 
storms affect the entire region is when a shamal is produced behind very strong cold 
front. Usually sand/dust storms start from a point source in the desert. The sand/dust 
is then advected with the low level wind flow and deposited downwind. Maybe 
Dhahran was just lucky and did not get hit with many settling sand/dust events. On 
one rare occasion in the summer of 1994, a low pressure system developed along the 
boarder o f Saudi Arabia, Jordan and Iraq. The system formed a closed cyclonic 
circulation at the surface suspending sand and dust throughout the lower levels of the
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atmosphere. The system then followed the environmental northwesterly wind flow 
through central Saudi Arabia. Riyadh had visibilities less than one half mile in blowing 
sand while Dhahran reported clear conditions. The low pressure system remained 30 
miles to the west o f Dhahran throughout the entire event.
Table 38 and figure 59 show fairly high standard deviations for all years except 
1994. Standard deviation differences in table 39 and figures 60 and 61 do not reflect 
accurate differences from normal climatology since most o f the years had well below 
normal reports o f sand/dust. Only the standard deviations in table 38 and figure 59 
indicate actual variances with climatology.
TABLE 37: DHAHRAN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 3 5 3 3 8 7 1 2 1 3 1 4
1992 2 5 1 4 2 4 6 1 1 0 2 0
1993 3 2 6 7 4 7 2 2 0 0 2 1
1994 3 5 9 11 11 16 16 4 1 1 5 5
Climo 7 9 11 12 15 20 18 15 8 6 5 6
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FIGURE 58
DHAHRAN DAYS WITH SUSPENDED/BLOWING DUST/SAND
EJ1993 
0 1 994
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TABLE 38: DHAHRAN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.83 2.83 5.66 6.36 4.95 9.19 12.02 9.19 4.95 2.12 2.83 1.41
SD 1992 3.54 2.83 7.07 5.66 9.19 11.31 8.49 9.90 4.95 4.24 2.12 4.24
SD 1993 2.83 4.95 3.54 3.54 7.78 9.19 11.31 9.19 5.66 4.24 2.12 3.54
SD 1994 2.83 2.83 1.41 0.71 2.83 2.83 1.41 7.78 4.95 3.54 0 0.71
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FIGURE 59
DHAHRAN DAYS WITH SUSP ENDED/ BLOWING DUST/SAND 
STANDARD DEVIATIONS
SD1991 
SD1902 
ESDI 903 
0SD1904
TABLE 39: DHAHRAN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 3 5 3 3 8 7 1 2 1 3 1 4
1992-1994 2.67 4 5.33 7.33 5.67 9 8 2.33 0.67 0.33 3 2
SD 1991 2.83 2.83 5.66 6.36 4.95 9.19 12.02 9.19 4.95 2.12 2.83 1.41
SD 92-94 3.06 3.54 4.01 3.30 6.60 7.78 7.07 8.96 5.19 4.01 1.41 2.83
SD DIFF -0.24 -0.71 1.65 3.06 -1.65 1.41 4.95 0.24 -0.24 -1.89 1.41 -1.41
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FIGURE 60
DHAHRAN DAYS WITH SUSPENDED/BLOWING DUST/SAND 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 61
DHAHRAN DAYS WITH SUSPENDED/BLOWING DUST/SAND 
STANDARD DEVIATION DIFFERENCES
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DHAHRAN DAYS WITH SMOKE AND/OR HAZE: Large variations in
the combined smoke and haze category arose from the Kuwait oil fires during the 
spring and summer of 1991. The highest reported visibility obstructions by smoke and 
haze were in the spring and summer months of 1991 which correlates to the decreased 
monthly mean maximum and mean temperatures discussed earlier. The high number 
o f reports o f smoke and/or haze in 1991 were counter balanced by a low number of 
reports of smoke and/haze in summer of 1994 as described in table 40 and figure 62. 
The highest standard deviations in table 41 and figure 64 were actually recorded with 
the minimal reports from the summer of 1994. The standard deviation differences in 
table 42 and figures 64 and 65 are biased toward 1991 values. If  the annual values 
were given equal weight, standard deviation differences would be even lower. Thus, 
long term climatological statistics should not be impacted by the increased smoke and 
haze observations due to the advected smoke in 1991.
TABLE 40: DHAHRAN DAYS WITH SMOKE AND/OR HAZE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 5 15 17 20 21 27 25 16 7 3 3
1992 5 8 8 13 13 15 20 19 12 12 6 8
1993 3 4 12 6 8 12 20 12 7 18 7 12
1994 4 2 3 11 4 0 0 3 4 14 4 8
Climo 14 12 13 15 16 15 15 16 16 16 12 14
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FIGURE 62
DHAHRAN DAYS WITH SMOKE/HAZE
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TABLE 41: DHAHRAN DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 4.95 4.95 1.41 1.41 2.83 4.24 8.49 6.36 0 6.36 6.36 7.78
SD 1992 6.36 2.83 3.54 1.41 2.12 0 3.54 2.12 2.83 2.83 4.24 4.24
SD 1993 7.78 5.66 0.71 6.36 5.66 2.12 3.54 2.83 6.36 1.41 3.54 1.41
SD 1994 7.07 7.07 7.07 2.83 8.49 10.61 10.61 9.19 8.49 1.41 5.66 4.24
FIGURE 64
DHAHRAN DAYS WITH SMOKE/HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 65
DHAHRAN DAYS WITH SMOKE/HAZE STANDARD DEVIATION
DIFFERENCES
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TABLE 44: DHAHRAN DAYS WITH HAZE STANDARD
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 4.95 4.95 4.24 8.49 7.07 3.54 3.54 1.41 5.66 5.66 6.36 7.78
SD 1992 6.36 2.83 2.83 0.71 1.41 0.71 4.24 2.83 2.12 2.12 4.24 4.24
SD 1993 7.78 5.66 0 5.66 4.95 1.41 4.24 2.12 5.66 2.12 3.54 1.41
SD 1994 7.07 7.07 6.36 2.12 7.78 9.90 9.90 8.49 7.78 0.71 5.66 4.24
FIGURE 67
DHAHRAN MEAN NUMBER OF DAYS WITH HAZE STANDARD
DEVIATIONS
10 j .
9 -I
E3 SD1991 
B SD1992 
E3 SD1903 
0SD1904
89
TABLE 45: DHAHRAN DAYS WITH HAZE STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 5 6 2 5 9 19 13 7 7 3 3
1992-1994 4 4.67 7.67 10 8.33 9 13.33 11.33 7.67 14.67 5.67 9.33
SD 1991 4.95 4.95 4.24 8.49 7.07 3.54 3.54 1.41 5.66 5.66 6.36 7.78
SD 92-94 7.07 5.19 3.06 2.83 4.71 3.54 0.47 2.59 5.19 0.24 4.48 3.30
SD DIFF -2.12 -0.24 1.18 5.66 2.36 0 3.06 -1.18 0.47 5.42 1.89 4.48
FIGURE 68
DHAHRAN MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 69
DHAHRAN MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATION DIFFERENCES
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DHAHRAN DAYS WITH SMOKE: The effects o f the Kuwait oil fires can be
quickly identified in tables 46-48 and figure 70-73. Smoke was reported at Dhahran 
on 100 separate days during 1991. The reports o f smoke during January and February 
can not be definitively linked to the Kuwait oil fires and might have resulted from 
battle field contaminates during the Air Campaign o f the Gulf War. The smoke was 
advected over Dhahran by the persistent northwesterly wind flow during the spring 
and summer months o f 1991. The suspended smoke lowered mean maximum and 
mean monthly temperatures by restricting incoming solar radiation. Although the 
smoke was opaque to inbound visible and ultra-violet radiation, it was transparent to 
the terrestrial infra-red radiation o f the earth [Pilewskie and Valero, 1992] and did not 
affect monthly mean low temperatures during 1991. If  the smoke was not transparent 
to the infra-red radiation, the mean low temperatures would have been significantly 
higher than normal.
One important feature to point out is that smoke has not been reported at Dhahran 
since the end o f September of 1991. This permits temperature variations during 1991 
to be correlated to the presence o f smoke at Dhahran. The cooler surface 
temperatures at Dhahran were due to the low level wind flow and advection of smoke 
southeastward below 10,000 feet. The seasonal 850mb and 700mb flow patterns 
(Figures 2, 3, 8, and 9) indicate the seasonal northwesterly wind flow required to 
advect smoke from Kuwait to Dhahran. The temperatures returned to more normal 
values during the fall and winter months o f 1991 for three reasons. First, the 
northwesterly wind flow at 850mb (Figure 4) is significantly weaker in the fall and
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winter months. Second, winds at 700mb (Figure 5) became more westerly which 
increased vertical directional wind shear. Finally, as the fires were extinguished, there 
was less smoke to advect southward, and the smoke plume probably dispersed much 
more rapidly in the autumn months of 1991.
TABLE 46: DHAHRAN DAYS WITH SMOKE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 2 10 13 15 15 14 18 12 0 0 0
1992 0 0 0 0 0 0 0 0 0 0 0 0
1993 0 0 0 0 0 0 0 0 0 0 0 0
1994 0 0 0 0 0 0 0 0 0 0 0 0
Climo
,
0 0 1 1 1 1 1 1 1 1 0 0
FIGURE 70
DHAHRAN MEAN NUMBER OF DAYS WITH SMOKE
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TABLE 47: DHAHRAN DAYS WITH SMOKE STANDARD
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 1.41 6.36 8.49 9.90 9.90 9.19 12.02 7.78 0.71 0 0
SD 1992 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0 0
SD 1993 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0 0
SD 1994 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0 0
FIGURE 71
DHAHRAN MEAN NUMBER OF DAYS WITH SMOKE 
STANDARD DEVIATIONS
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TABLE 48: DHAHRAN DAYS WITH SMOKE STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
94
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 2 10 13 15 15 14 18 12 0 0 0
1992-1994 0 0 0 0 0 0 0 0 0 0 0 0
SD 1991 0.71 1.41 6.36 8.49 9.90 9.90 9.19 12.02 7.78 0.71 0 0
SD 92-94 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0 0
SD DIFF 0.71 1.41 5.66 7.78 9.19 9.19 8.49 11.31 7.07 0 0 0
FIGURE 72
DHAHRAN MEAN NUMBER OF DAYS WITH SMOKE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 73
DHAHRAN MEAN NUMBER OF DAYS WITH SMOKE 
STANDARD DEVIATION DIFFERENCES
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CHAPTER m. RIYADH 1991-1994
Riyadh is the capital of the Kingdom o f Saudi Arabia and is approximately 250 
miles west southwest o f Dhahran. The surrounding area is rock and sand desert. The 
impact o f the Kuwait oil fires was similar at Riyadh and Dhahran. Smoke from the 
Kuwait oil fires was detected on 21 separate days at Riyadh in 1991, and the maximum 
number o f smoke events occurred in June. Smoke restricted surface visibilities below 
2 miles on 4 occasions, and on 2 o f those events, surface visibility was limited to 1 
mile. Otherwise, the smoke events were minor and surface visibility fluctuated 
between 3 and 6 miles. In 1991, diffuse smoke particles mixed with other aerosols to 
enhance the suspended haze layer. Mean maximum and mean temperatures 
experienced significant variances while mean minimum temperatures remained close to 
normal.
RIYADH EXTREME MAXIMUM TEMPERATURES: Record extreme
maximum temperatures were set in May, June and September 1994 as described in 
table 49 and figure 74. All o f the extreme temperature values were fairly close to the 
climatological norm and the standard deviations in tables 50 and 51 and in figures 75- 
77 do not indicate any significant trends.
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TABLE 49: RIYADH EXTREME MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 82.4 91.4 91.4 104 109.4 114.8 109.4 109.4 105.8 102.2 91.4 87.8
1992 73.4 89.6 91.4 102.2 109.4 113 111.2 111.2 105.8 100.4 86 78.8
1993 82.4 86 95 96.8 114.8 114.8 111.2 113 107.6 105.8 93.2 86
1994 87.8 84.2 95 105.8 116.6 116.6 109.4 113 111.2 104 91.4 86
Climo 88 95 100 108 116.6 116.6 117 115 111.2 106 93 86
FIGURE 74
RIYADH EXTREME MAXIMUM TEMPERATURES
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ED 1993 
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TABLE 50: RIYADH EXTREME MAXIMUM TEMPERATURES
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 3.96 2.55 6.08 2.83 5.09 1.27 5.37 3.96 3.82 2.69 1.13 1.27
SD 1992 10.32 3.82 6.08 4.10 5.09 2.55 4.10 2.69 3.82 3.96 4.95 5.09
SD 1993 3.96 6.36 3.54 7.92 1.27 1.27 4.10 1.41 2.55 0.14 0.14 0
SD 1994 0.14 7.64 3.54 1.56 0 0 5.37 1.41 0 1.41 1.13 0
FIGURE 75
RIYADH EXTREME MAXIMUM TEMPERATURE STANDARD
DEVIATIONS
@ SD1991 
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TABLE 51: RIYADH EXTREME MAXIMUM TEMPERATURES
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 82.4 91.4 91.4 104 109.4 114.8 109.4 109.4 105.8 102.2 91.4 87.8
1992-1994 81.2 86.6 93.8 101.6 113.6 114.8 110.6 112.4 108.2 103.4 90.2 83.6
SD 1991 3.96 2.55 6.08 2.83 5.09 1.27 5.37 3.96 3.82 2.69 1.13 1.27
SD 92-94 4.81 5.94 4.38 4.53 2.12 1.27 4.53 1.84 2.12 1.84 1.98 1.70
SD DIFF -0.85 -3.39 1.70 -1.70 2.97 0 0.85 2.12 1.70 0.85 -0.85 -0.42
FIGURE 76
RIYADH EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 77
RIYADH EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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RIYADH MEAN MAXIMUM TEMP Table 52 and figure 78
show that the lowest reported mean monthly maximum temperatures were reported in 
1992. Although the smoke events at Riyadh in 1991 were very limited, lower than 
normal temperatures were recorded during May, July and September. An interesting 
item to note is most of the lowest mean maximum temperatures were recorded in 1991 
and 1992 while the highest mean monthly temperatures were recorded in 1993 and 
1994. Tables 53 and 54 and figures 79-81 show a few significant standard deviations 
that may be related to the Kuwait oil fires through haze layer enhancement.
TABLE 52: RIYADH MEAN MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 67.5 73 78.6 92.7 99.5 106.9 106.7 107.4 102.2 93.6 83.1 71.6
1992 60.3 68.2 73.9 89.6 99.7 105.8 106.2 106.7 103.1 92.1 79 65.6
1993 62.6 68.4 81.3 88.7 101.3 108.5 107.2 108.3 104.7 96.6 84.9 77.5
1994 75 74.3 80.4 92.7 102 106.3 105.8 107.4 104.2 94.3 84.2 67.8
Climo 70 74 82 93 102 107 109 107 104 94 81 71
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FIGURE 78
RIYADH MEAN MAXIMUM TEMPERATURES
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TABLE 53: RIYADH MEAN MAXIMUM TEMPERATURES 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.77 0.71 2.40 0.21 1.77 0.07 1.63 0.28 1.27 0.28 1.48 0.42
SD 1992 6.86 4.10 5.73 2.40 1.63 0.85 1.98 0.21 0.64 1.34 1.41 3.82
SD 1993 5.23 3.96 0.49 3.04 0.49 1.06 1.27 0.92 0.49 1.84 2.76 4.60
SD 1994 3.54 0.21 1.13 0.21 0 0.49 2.26 0.28 0.14 0.21 2.26 2.26
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RIYADH MEAN TEMPERATURES: Data represented in the Riyadh Mean
Temperature tables and figures closely resemble the data from the Riyadh Mean 
Maximum Temperature section. Coolest mean temperatures were recorded in 1991 
and 1992 while the warmest mean temperatures were recorded in 1993 and 1994. The 
temperature variations during 1991 occurred in July and September.
TABLE 55: RIYADH MEAN TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58.6 62.4 68.7 82.2 87.8 93.7 94.1 94.6 88.9 81.9 70.7 62.2
1992 51.4 58.3 64.2 77.9 88.3 94.1 94.6 95.4 90.5 79.3 69 58.6
1993 54.9 59.5 70.9 77.2 89.4 95.9 96.6 96.8 92.3 85.5 73.4 65.8
1994 63.9 63.7 70 82.4 90.9 95.5 95.4 96.1 92.4 84.4 74.8 59.2
Climo 60 63 70 81 89 95 97 95 91 81 70 61
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FIGURE 82
RIYADH MEAN TEMPERATURES
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TABLE 56: RIYADH MEAN TEMPERATURES STANDARD 
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.99 0.42 0.92 0.85 0.85 0.92 2.05 0.28 1.48 0.64 0.49 0.85
SD 1992 6.08 3.32 4.10 2.19 0.49 0.64 1.70 0.28 0.35 1.20 0.71 1.70
SD 1993 3.60 2.47 0.64 2.69 0.28 0.64 0.28 1.27 0.92 3.18 2.40 3.39
SD 1994 2.76 0.49 0 0.99 1.34 0.35 1.13 0.78 0.99 2.40 3.39I 1.27
I
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FIGURE 83
RIYADH MEAN TEMPERATURE STANDARD DEVIATIONS
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TABLE 57: RIYADH MEAN TEMPERATURES STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58.6 62.4 68.7 82.2 87.8 93.7 94.1 94.6 88.9 81.9 70.7 62.2
1992-1994 56.73 60.5 68.37 79.17 89.53 95.17 95.53 96.1 91.73 83.07 72.4 61.2
SD 1991 0.99 0.42 0.92 0.85 0.85 0.92 2.05 0.28 1.48 0.64 0.49 0.85
SD 92-94 2.31 1.77 1.15 1.30 0.38 0.12 1.04 0.78 0.52 1.46 1.70 0.14
SD DIFF -1.32 -1.34 -0.24 -0.45 0.47 0.80 1.01 -0.49 0.97 -0.82 -1.20 0.71
FIGURE 84
RIYADH MEAN TEMPERATURE STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
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FIGURE 85
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FIGURE 86
RIYADH MEAN MINIMUM TEMPERATURES
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TABLE 59: RIYADH MEAN MINIMUM TEMPERATURES 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.42 0.57 0.71 2.69 0.64 0.28 0.92 0.07 0.99 1.56 0.21 2.05
SD 1992 4.53 1.84 2.33 0.78 0.14 0.21 0.07 1.56 0.64 1.70 0.57 0.49
SD 1993 1.34 0.21 1.70 1.62 0.49 1.63 1.56 2.19 1.91 4.45 2.62 2.90
SD 1994 2.76 1.56 1.20 2.83 1.77 2.55 1.48 1.91 2.26 4.60 5.30 0.35
I ll
FIGURE 87
RIYADH MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATIONS
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TABLE 60: RIYADH MEAN MINIMUM TEMPERATURES 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 49.6 51.8 59 71.8 76.1 80.6 81.7 81.9 75.6 70.2 58.3 52.9
1992-1994 47.53 50.77 58.27 68.2 78.13 83.07 84.4 84.67 79.27 71.47 62 51.77
SD 1991 0.42 0.57 0.71 2.69 0.64 0.28 0.92 0.07 0.99 1.56 0.21 2.05
SD 92-94 1.04 0.16 0.189 0.14 0.80 1.46 0.99 1.89 1.60 2.45 2.83 1.25
SD DIFF -0.61 0.40 0.52 2.55 -0.16 -1.18 -0.07 -1.81 -0.61 -0.90 -2.62 0.80
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RIYADH EXTREME MINIMUM TEMPERATURES: Two record extreme
monthly low temperatures were recorded during the winter o f 1992, January and 
March respectively. Otherwise, nothing out of the ordinary was derived from the data, 
and no correlation between the Kuwait oil fires and the extreme low temperatures at 
Riyadh are evident.
TABLE 61: RIYADH EXTREME MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 39.2 39.2 46.4 60.8 69.8 73.4 77 75.2 71.6 60.8 50 41
1992 32 41 41 57.2 69.8 75.2 77 79 73.4 59 46.4 41
1993 37.4 37.4 48.2 59 64.4 77 80.6 80.6 75.2 68 48.2 46.4
1994 44.6 44.6 50 62.6 66.2 77 78.8 80.6 77 66.2 50 37.4
Climo 32 37 41 53 64 70 73 73 68 55 43 34
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FIGURE 90
RIYADH EXTREME MINIMUM TEMPERATURES
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TABLE 62: RIYADH EXTREME MINIMUM TEMPERATURES 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 5.09 1.56 3.82 5.52 4.10 2.40 2.83 1.56 2.55 4.10 4.95 4.95
SD 1992 0 2.83 0 2.97 4.10 3.68 2.83 4.24 3.82 2.83 2.40 4.95
SD 1993 3.82 0.28 5.09 4.24 0.28 4.95 5.37 5.37 5.09 9.19 3.68 8.77
SD 1994 8.91 5.37 6.36 6.79 1.56 4.95 4.10 5.37 6.36 7.92 4.95 2.40
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FIGURE 91
RIYADH EXTREME MINIMUM TEMPERATURE STANDARD
DEVIATIONS
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TABLE 63: RIYADH EXTREME MINIMUM TEMPERATURES 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 39.2 39.2 46.4 60.8 69.8 73.4 77 75.2 71.6 60.8 50 41
1992-1994 38 41 46.4 59.6 66.8 76.4 78.8 80.07 75.2 64.4 48.2 41.6
SD 1991 5.09 1.56 3.82 5.52 4.10 2.40 2.83 1.56 2.55 4.10 4.95 4.95
SD 92-94 4.24 2.83 3.82 4.67 1.98 4.53 4.10 5.00 5.09 6.65 3.68 5.37
SD DIFF 0.85 -1.27 0 0.85 2.12 -2.12 -1.27 -3.44 -2.55 -2.55 1.27 -0.42
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FIGURE 92
RIYADH EXTREME MINIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
FIGURE 93
RIYADH EXTREME MINIMUM TEMPERATURE STANDARD 
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RIYADH MEAN MORNING RELATIVE HUMIDITY: High relative
humidities were detected at Riyadh during 1993 and 1994. While lower values were 
recorded during 1991 and 1992 as indicated by tables 64-66 and figures 94-97. The 
summer values are very close to normal; so, correlation between mean morning 
relative humidities and the Kuwait oil fires is not evident.
TABLE 64: RIYADH MEAN MORNING RELATIVE HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 64 44 49 28 17 15 14 15 18 32 31 52
1992 50 46 42 34 24 12 11 16 16 17 45 69
1993 73 58 40 53 42 24 22 26 27 40 44 57
1994 56 40 48 45 40 25 25 26 34 45 50 55
Climo 59 52 47 39 30 19 16 17 21 31 48 58
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FIGURE 94
RIYADH MEAN MORNING RELATIVE HUMIDITY
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TABLE 65: RIYADH MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUGl SEP OCT NOV DEC
SD 1991 3.54 5.66 1.41 7.78 9.19 2.83 1.41 1.41 2.12 0.71 12.02 4.24
SD 1992 6.36 4.24 3.54 3.54 4.24 4.95 3.54 0.71 3.54 9.90 2.12 7.78
SD 1993 9.90 4.24 4.95 9.90 8.49 3.54 4.24 6.36 4.24 6.36 2.83 0.71
SD 1994 2.12 8.49 0.71 4.24 7.07 4.24 6.36 6.36 9.19 9.90 1.41 2.12
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FIGURE 95
RIYADH MEAN MORNING RELATIVE HUMIDITY STANDARD
DEVIATIONS
TABLE 66: RIYADH MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 64 44 49 28 17 15 14 15 18 32 31 52
1992-1994 59.67 48 43.33 44 35.33 20.33 19.33 22.67 25.67 34 46.33 60.33
SD 1991 3.54 5.66 1.41 7.78 9.19 2.83 1.41 1.41 2.12 0.71 12.02 4.24
SD 92-94 0.47 2.83 2.59 3.54 3.77 0.94 2.36 4.01 3.30 2.12 1.18 1.65
SD DIFF 3.06 2.83 -1.18 4.24 5.42 1.89 -0.94 -2.59 -1.18 -1.41 10.84 2.59
120
FIGURE 96
RIYADH MEAN MORNING RELATIVE HUMIDITY STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 97
RIYADH MEAN MORNING RELATIVE HUMIDITY STANDARD 
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RIYADH MEAN AFTERNOON RELATIVE HUMIDITY: High relative
humidities were detected at Riyadh during 1993 and 1994. Lower values were 
recorded during 1991 and 1992 as shown in tables 67-69 and figures 98-101. 
Correlation between mean relative humidities and the oil fires was not detected.
TABLE 67: RIYADH MEAN AFTERNOON RELATIVE HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 36 21 23 14 7 6 6 7 9 15 14 27
1992 31 23 25 14 11 5 6 8 7 8 24 45
1993 49 36 19 28 27 20 20 22 23 30 35 42
1994 42 39 35 32 30 21 22 22 26 34 38 36
Climo 32 27 24 19 13 8 8 8 9 13 22 33
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FIGURE 98
RIYADH MEAN AFTERNOON RELATIVE HUMIDITY
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TABLE 68: RIYADH MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.83 4.24 0.71 3.54 4.24 1.41 1.41 0.71 0 1.41 5.66 4.24
SD 1992 0.71 2.83 0.71 3.54 1.41 2.12 1.41 0 1.41 3.54 1.41 8.49
SD 1993 12.02 6.36 3.54 6.36 9.90 8.49 8.49 9.90 9.90 12.02 9.19 6.36
SD 1994 7.07 8.49 7.78 9.19 12.02 9.19 9.90 9.90 12.02 14.85 11.31 2.12
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FIGURE 99
RIYADH MEAN AFTERNOON RELATIVE HUMIDITY STANDARD
DEVIATIONS
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TABLE 69: RIYADH MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 36 21 23 14 7 6 6 7 9 15 14 27
1992-1994 40.67 32.67 26.33 24.67 22.67 15.33 16 17.33 18.67 24 32.33 41
SD 1991 2.83 4.24 0.71 3.54 4.24 1.41 1.41 0.71 0 1.41 5.66 4.24
SD 92-94 6.13 4.01 1.65 4.01 6.84 5.19 5.66 6.60 6.84 7.78 7.31 5.66
SD DIFF -3.30 0.24 -0.94 -0.47 -2.59 -3.77 -4.24 -5.89 -6.84 -6.36 -1.65 -1.41
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FIGURE 100
RIYADH MEAN AFTERNOON RELATIVE HUMIDITY STANDARD 
DEVIATIONS. 1991 vs 1992-1994 AVERAGE
FIGURE 101
RIYADH MEAN AFTERNOON RELATIVE HUMIDITY STANDARD 
DEVIATION DIFFERENCES
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RIYADH NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION: The number o f days with measurable precipitation ranged
between 20 and 25 during the years o f study which is below the climatological average 
o f 31 as illustrated in table 70 and figure 102. Since the years of study closely 
resembled each other, the standard deviation differences from the climatological 
statistics in tables 71-72 and figures 102-104 were ignored. The lack of precipitation 
between June and September demonstrates the consistency of the dry synoptic weather 
patterns. No correlation between the Kuwait oil fires and days with measurable 
precipitation at Riyadh was detected.
TABLE 70: RIYADH MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION
JAN FEB MAR APR MAY JUN JUL AUG SEP OCTI NOV DEC
1991 5 4 5 2 0 0 0 0 0 0 0 4
1992 3 2 5 5 2 0 0 0 0 0 2 4
1993 5 4 5 7 3 0 0 0 0 0 0 1
1994 1 2 8 7 5 0 0 0 0 0 0 0
Climo 4 3 6 7 4 0 0 1 0 1 1 4
127
FIGURE 103
RIYADH NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATIONS
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TABLE 72: RIYADH MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 5 4 5 2 0 0 0 0 0 0 0 4
1992-1994 3 2.67 6 6.33 3.33 0 0 0 0 0 0.67 1.67
SD 1991 0.71 0.71 0.71 3.54 2.83 0 0 0.71 0 0.71 0.71 0
SD 92-94 0.71 0.24 0 0.47 0.47 0 0 0.71 0 0.71 0.24 1.65
SD DIFF 0 0.47 0.71 3.06 2.36 0 0 0 0 0 0.47 -1.65
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FIGURE 104
RIYADH NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATIONS, 1991 vs 1992-1994
AVERAGE
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FIGURE 105
RIYADH NUMBER OF DAYS WITH MEASURABLE 
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RIYADH MEAN NUMBER OF DAYS WITH THUNDERSTORMS: In
all o f the years studied, observed thunderstorm activity slightly outnumbered the 
climatological average, but the resulting standard deviations were negligible as shown 
in tables 73-75 and figures 105-108. No correlation between thunderstorm activity at 
Riyadh and the Kuwait oil fires was detected.
TABLE 73: RIYADH NUMBER OF DAYS WITH 
THUNDERSTORMS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 1 3 3 0 0 0 0 0 1 0 2
1992 2 1 1 2 1 0 0 0 0 0 1 2
1993 1 2 2 6 1 0 0 0 0 0 0 0
1994 0 0 5 4 3 0 0 0 0 0 0 0
Climo 1 1 2 2 1 0 0 0 0 0 0 1
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FIGURE 106
RIYADH MEAN NUMBER OF DAYS WITH THUNDERSTORMS
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TABLE 74: RIYADH MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0 0 0.71 0.71 0.71 0 0 0 0 0.71 0 0.71
SD 1992 0.71 0 0.71 0 0 0 0 0 0 0 0.71 0.71
SD 1993 0 0.71 0 2.83 0 0 0 0 0 0 0 0.71
SD 1994 0.71 0.71 2.12 1.41 1.41 0 0 0 0 0 0 0.71
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FIGURE 107
RIYADH MEAN NUMBER OF DAYS WITH THUNDERSTORMS 
STANDARD DEVIATIONS
TABLE 75: RIYADH MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS, 1991 vs 1992-1994 
AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 1 3 3 0 0 0 0 0 1 0 2
1992-1994 1 1 2.67 4 1.67 0 0 0 0 0 0.33 0.67
SD 1991 0 0 0.71 0.71 0.71 0 0 0 0 0.71 0 0.71
SD 92-94 0 0 0.47 1.41 0.47 0 0 0 0 0 0.24 0.24
SD DIFF 0 0 0.24 -0.70 0.24 0 0 0 0 0.71 -0.24 0.47
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FIGURE 108
RIYADH MEAN NUMBER OF DAYS WITH THUNDERSTORMS 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 109
RIYAHD MEAN NUMBER OF DAYS WITH THUNDERSTORMS 
STANDARD DEVIATION DIFFERENCES
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FIGURE 110
RIYADH PRECIPITATION ACCUMULATION TOTALS
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TABLE 77: RIYADH PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 0.52 0.29 0.67 0.35 0 0 0 0 0 0.28 1.78
SD 1992 0.10 0.10 0.55 0.04 0.21 0 0 0 0 0 0.21 0.29
SD 1993 0.19 0.05 0.29 0.52 1.34 0 0 0 0 0 0.28 0.27
SD 1994 0.55 0.06 0.23 0.01 0.86 0 0 0 0 0 0.28 0.28
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FIGURE 111
RIYADH PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS
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TABLE 78: RIYADH PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1.8 1.13 1.01 0.05 0 0 0 0 0 0 0 2.92
1992-1994 0.68 0.35 0.83 1.22 1.44 0 0 0 0 0 0.03 0.28
SD 1991 0.71 0.52 0.29 0.67 0.35 0 0 0 0 0 0.28 1.78
SD 92-94 0.08 0.04 0.16 0.16 0.66 0 0 0 0 0 0.26 0.09
SD DIFF 0.62 0.48 0.13 0.52 -0.31 0 0 0 0 0 0.02 1.69
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FIGURE 112
RIYADH PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 113
RIYADH PRECIPITATION ACCUMULATION TOTALS 
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RIYADH PEAK WINDS: The highest winds recorded in 1991 was 37 knots.
The highest recorded winds o f the study resulted from convective gusts associated 
with thunderstorm activity in May 1994. The highest peak wind speeds generally 
occurred during the warm trend in 1993 and 1994. Correlation between the Kuwait 
oil fires and the peak winds at Riyadh was not detected from tables 79-81 and figures 
114-117.
TABLE 79: RIYADH PEAK WINDS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 25 30 25 30 37 33 19 28 26 31 24 26
1992 30 26 35 46 47 30 32 27 26 23 28 26
1993 27 41 48 42 48 29 29 40 25 22 19 14
1994 25 25 31 47 55 32 32 29 25 30 27 25
Climo 34 56 48 47 55 33 45 40 62 31 27 28
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FIGURE 115
RIYADH PEAK WIND STANDARD DEVIATIONS
TABLE 81: RIYADH PEAK WINDS STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 25 30 25 30 37 33 19 28 26 31 24 26
1992-1994 27.33 30.67 38 45 50 30.33 31 32 25.33 25 24.67 21.67
SD 1991 6.36 18.38 16.26 12.02 12.73 0 18.38 8.49 25.46 0 2.12 1.41
SD 92-94 4.71 17.91 7.07 1.41 3.54 1.89 9.90 5.66 25.93 4.24 1.65 4.48
SD DIFF 1.65 0.47 9.19 10.61 9.19 -1.89 8.49 2.83 -0.47 -4.24 0.47 -3.06
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FIGURE 116
RIYADH PEAK WIND STANDARD DEVIATIONS, 1991 vs 1992-
1994 AVERAGE
FIGURE 117
RIYADH PEAK WIND STANDARD DEVIATION DIFFERENCES
30 
25 
20 
15 
10 
5 
0 
-5
141
RIYADH DAYS WITH FOG: Diurnal fog formation rarely occurs at Riyadh.
Although some months, like January 1991, December 1992, January 1993 and April 
1993 listed in table 82 and figure 118, have recorded a high number of fog events, 
most o f the events were caused by transitory frontal systems associated with 
precipitation. Forty-eight fog events were recorded between 1991 and 1994, and the 
average annual occurrence rate of 12 is lower than the climatological annual average 
of 18 because only 1 fog event was recorded in 1994. The most important information 
that the fog tables and figures indicate is the continued absence o f fog throughout the 
dry summer shamal season. No correlation between the Kuwait oil fires and fog at 
Riyadh can be established.
TABLE 82: RIYADH DAYS WITH FOG
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 0 2 0 0 0 0 0 0 0 0 1
1992 0 2 4 0 0 0 0 0 0 0 3 6
1993 11 3 1 5 0 0 0 0 0 0 0 2
1994 0 0 0 0 0 0 0 0 0 0 0 1
Climo 4 3 2 1 0 0 0 0 0 1 2 5
FIGURE 118
RIYADH MEAN NUMBER OF DAYS WITH FOG
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TABLE 83: RIYADH DAYS WITH FOG STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.12 2.12 0 0.71 0 0 0 0 0 0.71 1.41 2.83
SD 1992 2.83 0.71 1.41 0.71 0 0 0 0 0 0.71 0.71 0.71
SD 1993 4.95 0 0.71 2.83 0 0 0 0 0 0.71 1.41 2.12
SD 1994 2.83 2.12 1.41 0.71 0 0 0 0 0 0.71 1.41 2.83
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FIGURE 120
RIYADH MEAN NUMBER OF DAYS WITH FOG STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
@1991 
H 1992-1994 
ESDI 991 
E3 SD92-94 
■  SD DIFF
FIGURE 121
RIYADH MEAN NUMBER OF DAYS WITH FOG STANDARD 
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RIYADH DAYS WITH SUSPENDED AND/OR BLOWING DUST 
AND/OR SAND: Reports o f sand and dust events at Riyadh were below normal
for most o f the study period except for July through October 1993 when the observed 
values exceeded the historical average. Dust and sand reporting may be not be reliable 
at Riyadh due to frequent personnel rotations and individual observer interpretations. 
Table 85 and figure 122 show the number of days with blowing sand and or suspended 
dust, and most monthly totals were below normal except for a short period between 
July and November 1993. Although Tables 86 and 87 and corresponding figures 123- 
125 show relatively high standard deviations, but the data must be handled with 
caution. Any theories derived from the data would be potentially erroneous, and a 
correlation between the Kuwait oil fires and suspended dust or blowing sand 
conditions at Riyadh can not be made.
TABLE 85: RIYADH DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 6 7 4 6 7 4 3 3 4 5 0 2
1992 6 10 6 8 8 6 12 3 2 2 2 3
1993 2 1 9 6 6 2 17 23 21 17 10 6
1994 7 13 9 12 14 12
7
2 3 6 6 2
Climo 12 14 18 17 19 17 15 13 10 8 10 8
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FIGURE 122
RIYADH MEAN NUMBER OF DAYS WITH 
SUSPENDED/BLOWING DUST/SAND
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TABLE 86: RIYADH DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 4.24 4.95 9.90 7.78 8.49 9.19 8.49 7.07 4.24 2.12 7.07 4.24
SD 1992 4.24 2.83 8.49 6.36 7.78 7.78 2.12 7.07 5.66 4.24 5.66 3.54
SD 1993 7.07 9.19 6.36 7.78 9.19 10.61 1.41 7.07 7.78 6.36 0 1.41
SD 1994 3.54 0.71 6.36 3.54 3.54 3.54 5.66 7.78 4.95 1.41 2.83 4.24
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FIGURE 123
RIYADH MEAN NUMBER OF DAYS WITH 
SUSPENDED/BLOWING DUST/SAND STANDARD 
DEVIATIONS
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TABLE 87: RIYADH DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 6 7 4 6 7 4 3 3 4 5 0 2
1992-1994 5 8 8 8.67 9.33 6.67 12 9.33 8.67 8.33 6 3.67
SD 1991 4.24 4.95 9.90 7.78 8.49 9.19 8.49 7.07 4.24 2.12 7.07 4.24
SD 92-94 4.95 4.24 7.07 5.90 6.84 7.31 2.12 2.59 0.94 0.24 2.83 3.06
SD DIFF -0.71 0.71 2.83 1.89 1.65 1.89 6.36 4.48 3.30 1.89 4.24 1.18
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FIGURE 124
RIYADH MEAN NUMBER OF DAYS WITH 
SUSPENDED/BLOWING DUST/SAND STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 125
RIYADH MEAN NUMBER OF DAYS WITH 
SUSPENDED/BLOWING DUST/SAND STANDARD DEVIATION
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FIGURE 126
RIYADH MEAN NUMBER OF DAYS WITH SMOKE/HAZE
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TABLE 89: RIYADH DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.12 0.71 0.71 2.83 4.95 6.36 4.95 4.24 6.36 2.83 2.12 0.71
SD 1992 1.41 1.41 0 1.41 0 4.24 1.41 2.83 3.54 2.83 0 7.07
SD 1993 2.83 0.71 1.41 4.95 1.41 7.07 2.12 5.66 3.54 3.54 4.24 10.61
SD 1994 6.36 2.83 3.54 10.61 10.61 7.07 9.19 0.71 4.24 0 2.12 2.83
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FIGURE 127
RIYADH MEAN NUMBER OF DAYS WITH SMOKE/HAZE 
STANDARD DEVIATIONS
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TABLE 90: RIYADH DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 11 14 19 23 24 22 22 25 20 15 13
1992-1994 15 14.33 12 7 10.33 17 10.33 14.33 14 16.33 13 14.33
SD 1991 2.12 0.71 0.71 2.83 4.95 6.36 4.95 4.24 6.36 2.83 2.12 0.71
SD 92-94 0.71 1.65 0.71 5.66 4.01 1.41 3.30 1.18 1.41 0.24 0.71 0.24
SD DIFF 1.41 -0.94 0 -2.83 0.94 4.95 1.65 3.06 4.95 2.59 1.41 0.47
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FIGURE 128
RIYADH MEAN NUMBER OF DAYS WITH SMOKE/HAZE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 129
RIYADH MEAN NUMBER OF DAYS WITH SMOKE/HAZE 
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RIYADH DAYS WITH HAZE: Higher than normal reports o f haze were 
documented from April to October 1991 as shown in table 91 and figure 130. The 
haze could have been enhanced by dispersed smoke particualtes from the Kuwait oil 
fires, and resulted in lower mean maximum and mean temperatures at Riyadh. The 
largest standard deviations in the period o f study were recorded from the limited 
number o f haze events between April and July 1994 which statistically eliminated the 
effects o f the higher number o f reports in 1991 as shown in tables 92 and 93 and 
figures 131-133.
TABLE 91: RIYADH DAYS WITH HAZE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 11 13 17 22 18 22 21 23 19 15 13
1992 12 14 13 13 16 21 17 20 11 12 12 4
1993 10 13 15 8 14 25 12 7 9 14 18 27
1994 23 16 6 0 1 5 2 15 10 15 9 10
Climo 13 12 13 15 16 15 15 16 16 15 12 14
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FIGURE 130
RIYADH MEAN NUMBER OF DAYS WITH HAZE
@1991 
H 1992 
E1993 
E31994 
H CLIMO
TABLE 92: RIYADH DAYS WITH HAZE STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.41 0.71 0 1.41 4.24 2.12 4.95 3.54 4.95 2.83 2.12 0.71
SD 1992 0.71 1.41 0 1.41 0 4.24 1.41 2.83 3.54 2.12 0 7.07
SD 1993 2.12 0.71 1.41 4.95 1.41 7.07 2.12 6.36 4.95 0.71 4.24 9.19
SD 1994 7.07 2.83 4.95 10.61 10.61 7.07 9.19 0.71 4.24 0 2.12 2.83
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FIGURE 131
RIYADH MEAN NUMBER OF DAYS WITH HAZE STANDARD
DEVIATIONS
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TABLE 93: RIYADH DAYS WITH HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 11 13 17 22 18 22 21 23 19 15 13
1992-1994 15 14.33 11.33 7 10.33 17 10.33 14 10 13.67 13 13.67
SD 1991 1.41 0.71 0 1.41 4.24 2.12 4.95 3.54 4.95 2.83 2.12 0.71
SD 92-94 1.41 1.65 1.18 5.66 4.01 1.41 3.30 1.41 4.24 0.94 0.71 0.24
SD DIFF 0 -0.94 -1.18 -4.24 0.24 0.71 1.65 2.12 0.71 1.89 1.41 0.47
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FIGURE 132
RIYADH MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
FIGURE 134
RIYADH MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATION DIFFERENCES
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RIYADH DAYS WITH SMOKE: Smoke was only reported on 21 days in 
1991, and the surface visibility was restricted below 2 miles during only 4 o f the 
smoke events. Although smoke reports were limited in 1991, mean maximum and 
mean temperature values were below normal. Dispersed smoke particulates enhanced 
the haze layer aloft which and slightly restricted solar radiation from reaching the 
surface.
Table 94 and figure 134 also indicate smoke reports from August 1993 through 
March 1994. The smoke appears to have been caused by local industrial activity, and 
the surface visibility was never detected below 4 miles. Therefore, the industrial 
smoke affects on the local temperatures were similar to that o f a normal hazy day. As 
a side note, the highest mean maximum temperatures during the period of study 
occurred during the industrial smoke filled months which indicate that only a thin layer 
o f smoke was observed during 1993 and 1994. Historically, smoke has not been 
reported often at Riyadh; so, all o f the reports led to the high standard deviation values 
shown in tables 95-96 and figures 135-137.
TABLE 94: RIYADH DAYS WITH SMOKE
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 0 0 2 3 3 6 4 1 3 1 0 0
1992 0 0 0 0 0 0 0 0 0 0 0 0
1993 0 0 0 0 0 0 0 1 12 10 5 14
1994 12 2 2 0 0 0 0 0 0 1 0 0
Climo 1 0 0 0 0 0 0 0 0 1 0 0
FIGURE 134
RIYADH MEAN NUMBER OF DAYS WITH SMOKE
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TABLE 95: RIYADH DAYS WITH SMOKE STANDARD
159
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 0 1.41 2.12 2.12 4.24 2.83 0.71 2.12 0 0 0
SD 1992 0.71 0 0 0 0 0 0 0 0 0.71 0 0
SD 1993 0.71 0 0 0 0 0 0 0.71 8.49 6.36 3.54 9.90
SD 1994 7.78 1.41 1.41 0 0 0 0 0 0 0 0 0
FIGURE 135
RIYADH MEAN NUMBER OF DAYS WITH SMOKE STANDARD
DEVIATIONS
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TABLE 96: RIYADH DAYS WITH SMOKE STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 0 0 2 3 3 6 4 1 3 1 0 0
1992-1994 4 0.67 0.67 0 0 0 0 0.33 4 3.67 1.67 4.67
SD 1991 0.71 0 1.41 2.12 2.12 4.24 2.83 0.71 2.12 0 0 0
SD 92-94 2.12 0.47 0.47 0 0 0 0 0.24 2.83 1.89 1.18 3.30
SD DIFF -1.41 -0.47 0.94 2.12 2.12 4.24 2.83 0.47 -0.71 -1.89 -1.18 -3.30
FIGURE 136
RIYADH MEAN NUMBER OF DAYS WITH SMOKE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
161
FIGURE 137
RIYADH MEAN NUMBER OF DAYS WITH HAZE DTANDARD 
DEVIATION DIFFERENCES
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CHAPTER IV. BAHRAIN 1991-1994
Bahrain is a small island country in the Persian Gulf near the east coast o f Saudi 
Arabia. Bahrain’s weather is influenced by the surrounding body of water, and the 
surface temperatures show the greatest impacts. Smoke from the Kuwait oil fires 
covered a large part o f the northern Persian Gulf which prevented solar radiation from 
reaching the water surface and caused lower than normal sea surface temperatures in 
the Persian Gulf. Average seawater temperatures were reduced by 4.5 degrees as a 
result o f the oil spill and oil fire smoke [Sadiq and McCain, 1993]. This fact explains 
the lower maximum, mean, and minimum temperatures recorded at Bahrain as a result 
o f the Kuwait oil fires. In fact, mean minimum temperatures were roughly 4 to 5 
degrees cooler than normal! Smoke from the oil fires was detected at Bahrain more 
than any other location in this study while Dhahran recorded the second highest 
number of smoke observations. Although these two locations are separated by 
approximately 20 miles, each location has a different surrounding environment which 
produced varied results in the study and is discussed in chapter 5.
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BAHRAIN EXTREME MAXIMUM TEMPERATURES: Most of the
lowest extreme maximum temperatures o f the period of study were observed during 
1991 and 1992 while most o f the highest extreme maximum temperatures were 
detected between 1993 and 1994 as listed in table 97 and figure 138. High standard 
deviations were detected in table 98 and figure 139. When the 1991 extreme high 
temperatures were compared to an average of the 1992 through 1994 values, the May 
through October 1991 data was clearly lower as evident in table 99 and figures 140 
and 141. A combination of airborne smoke and cooler surrounding seawater 
temperatures could have potentially lowered monthly extreme maximum temperature 
values in 1991, but since the values are extremes, the author uses caution and 
therefore, can not definitively relate the lower extreme temperatures to the oil fires.
TABLE 97: BAHRAIN EXTREME MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 77.5 74.8 88.5 96.1 101.7 104.5 105.1 104.9 100 95.2 91.4 82.4
1992 72.1 76.8 80.2 89.8 104.2 109.4 103.3 108 103.7 96.6 89.1 80.4
1993 76.2 79.7 86.9 95.7 100.9 108 108 114.2 103.3 100 93.4 78.3
1994 79.7 80.6 87.4 97.9 106.9 111.2 108.5 106.2 100.8 95.7 91.8 82
Climo 82 93 95 104 109 115 113 114.2 109 106 92 91
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FIGURE 138
BAHRAIN EXTREME MAXIMUM TEMPERATURES
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TABLE 98: BAHRAIN EXTREME MAXIMUM TEMPERATURE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY I JUN JUL AUG SEP OCT NOV DEC
SD 1991 3.18 12.87 4.60 5.59 5.16 7.42 5.59 6.58 6.36 7.64 0.42 6.08
SD 1992 7.00 11.46 10.47 10.04 3.39 3.96 6.86 4.38 3.75 6.65 2.05 7.50
SD 1993 4.10 9.40 5.73 5.87 5.73 4.95 3.54 0 4.03 4.24 0.99 8.98
SD 1994 1.623 8.77 5.37 4.31 1.48 2.69 3.18 5.66 5.80 7.28 0.14 6.36
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FIGURE 139
BAHRAIN EXTREME MAXIMUM TEMPERATURE STANDARD
DEVIATIONS
TABLE 99: BAHRAIN EXTREME MAXIMUM TEMPERATURE 
STANDARD DEVIATIONS 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 77.5 74.8 88.5 96.1 101.7 104.5 105.1 104.9 100 95.2 91.4 82.4
1992-1994 76 79.03 84.83 94.47 104 109.5 106.6 109.5 102.6 97.43 91.43 80.23
SD 1991 3.18 12.87 4.60 5.59 5.16 7.42 5.59 6.58 6.36 7.64 0.42 6.08
SD 92-94 4.24 9.88 7.19 6.74 3.54 3.87 4.53 3.35 4.53 6.06 0.40 7.61
SD DIFF -1.06 2.99 -2.59 -1.15 1.63 3.56 1.06 3.23 1.84 1.58 0.02 -1.53
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FIGURE 140
BAHRAIN EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 141
BAHRAIN EXTREME MAXIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN MEAN MAXIMUM TEMPERATURES: Some lower
temperatures were detected in the spring and summer of 1991, but they were not as 
pronounced as Dhahran’s lower temperatures. The adjacent water to Bahrain causes 
afternoon high temperatures at Bahrain to be 6 to 9 degrees cooler than at Dhahran, 
and therefore, the water may have moderated the effect o f high temperature reduction 
during the summer o f 1991. Usually under cloud free skies, the temperature in the 
region rises rapidly. Anytime there was a break in the smoke plume over Bahrain, the 
temperature probably increased rapidly. Unfortunately, the data used in this study did 
not account for hourly variations and used strictly daily averages and extremes; so, full 
study o f all smoke events and specific hourly changes can not be completed. Surface 
visibilities were substantially lower during the summer o f 1991 because o f the smoke 
from the fires. Although the mean maximum temperatures showed small deviations 
from climatology, it is evident that the oil fires directly contributed to the lower 
temperatures. Table 100 and figure 142 show the cooler mean maximum temperatures 
during 1991. May through September 1991 values are not substantially lower than the 
climatological average, but they were significantly lower than measurements for 1992 
through 1994. Table 102 and figures 144 and 145 show that May through November 
temperatures were roughly 1 to 4.5 degrees cooler than the 1992-1994 average 
temperatures. The temperature variance was directly related to the Kuwait oil fires 
and oil spill.
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TABLE 100: BAHRAIN MEAN MAXIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DECl
1991 69.3 70.3 73.9 85.8 89.4 94 99 98.3 95 89.7 81.4 73.3
1992 64.7 66.3 69.5 82.1 92.4 101 99.2 101.1 95.5 89 81.1 70.6
1993 64.6 68.4 76.6 83.5 92.5 98.5 101 102.2 99.4 92.3 82.1 73.5
1994 72.1 71.5 75.9 87.5 95.1 99.1 100.2 99.1 98.1 90.4 85.1 70.6
Climo 66 69 75 84 92 97 99 99 97 90 81 72
FIGURE 142
BAHRAIN MEAN MAXIMUM TEMPERATURES
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TABLE 101: BAHRAIN MEAN MAXIMUM TEMPERATURE
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.33 0.92 0.78 1.27 1.84 2.12 0 0.45 1.41 0.21 0.28 0.92
SD 1992 0.92 1.91 3.89 1.34 0.28 2.83 0.14 1.48 1.06 0.71 0.07 0.99
SD 1993 0.99 0.42 1.13 0.35 0.35 1.06 1.41 2.26 1.70 1.63 0.78 1.06
SD 1994 4.31 1.77 0.64 2.48 2.19 1.48 0.85 0.07 0.78 0.28 2.90 0.99
FIGURE 143
BAHRAIN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS
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FIGURE 145
BAHRAIN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN MEAN TEMPERATURES: Mean temperature variations were
stronger than the mean maximum temperature variations previously discussed because 
the lower mean minimum temperature values represent 50 percent o f mean 
temperature variations. Surrounding seawater low temperatures during 1991 
decreased mean monthly ambient temperatures by 0.8 to 5.5 degrees between March 
and November as depicted in table 103 and figure 146. May through November 1991 
values were substantially cooler when compared to the 1992-1994 average 
temperature as shown in table 105 and figures 148 and 149. The largest standard 
deviations in figures 147-149 coincide with the greatest number of smoke 
observations, and it is clear that the decreased temperatures were a direct result of the 
Kuwait oil fires and the oil spill.
TABLE 103: BAHRAIN MEAN TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 63.8 64.2 68.5 77 81.5 87.3 91 90.9 88.6 83.9 75.2 68.4
1992 58.3 60.5 63.8 74.9 85.6 93 91.5 93.8 89.5 82.2 75.6 65.8
1993 59.7 62.7 69.9 76.8 85.7 91.1 93.3 94.3 90.9 85.6 75.9 67.7
1994 65.9 64.8 69.3 79.9 87.7 91.9 93.5 92.1 90.9 84.8 79.4 64.6
Climo 62 65 70 78 87 91 94 94 91 85 76 68
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FIGURE 146
BAHRAIN MEAN TEMPERATURES
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TABLE 104: BAHRAIN MEAN TEMPERATURE STANDARD 
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.27 0.57 1.06 0.71 3.89 2.62 2.12 2.19 1.70 0.78 0.57 0.28
SD 1992 2.62 3.18 4.38 2.19 0.99 1.41 1.77 0.14 1.06 1.98 0.28 1.56
SD 1993 1.63 1.63 0.07 0.85 0.92 0.07 0.49 0.21 0.07 0.42 0.07 0.21
SD 1994 2.76 0.14 0.49 1.34 0.49 0.64 0.35 1.34 0.07 0.14 2.40 2.40
10
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FIGURE 147
BAHRAIN MEAN TEMPERATURE STANDARD DEVIATIONS
TABLE 105: BAHRAIN MEAN TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 63.8 64.2 68.5 77 81.5 87.3 91 90.9 88.6 83.9 75.2 68.4
1992-1994 61.3 62.67 67.67 77.2 86.33 92 92.77 93.4 90.43 84.2 76.97 66.03
SD 1991 1.27 0.57 1.06 0.71 3.89 2.62 2.12 2.19 1.70 0.78 0.57 0.28
SD 92-94 0.49 1.65 1.65 0.57 0.47 0.71 0.87 0.42 0.40 0.57 0.68 1.39
SD DIFF 0.78 -1.08 -0.59 0.14 3.42 1.91 1.25 1.77 1.30 0.21 -0.12 -1.11
FIGURE 148
BAHRAIN MEAN TEMPERATURE STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
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FIGURE 149
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BAHRAIN MEAN MINIMUM TEMPERATURES: Lower Persian Gulf
seawater temperatures generated cooler than normal mean minimum temperatures at 
Bahrain between March and November 1991 as shown in table 106 and figure 150.
The largest temperature standard deviations during 1991 were detected between May 
and September as illustrated in Table 107 and figure 151. When 1991 temperatures 
were compared to the 1992 through 1994 temperature average, the 1991 temperatures 
were considerably lower between April and September as shown in table 108 and 
figures 152 and 153.
TABLE 106: BAHRAIN MEAN MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58 59.1 62.3 71.2 75.2 81.2 82.9 83.5 82.1 78.1 69 63.4
1992 51.8 54.7 58.1 67.7 78.7 84.9 83.8 86.5 83.4 75.4 70.1 60.9
1993 54.8 57 63.2 70 78.8 83 85.6 86.4 82.4 78.9 69.6 61.8
1994 59.6 58.1 62.7 72.2 80.3 84.7 86.7 85 83.7 79.1 73.7 58.5
Climo 58 60 64 72 80 85 88 88 85 79 71 63
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FIGURE 150
BAHRAIN MEAN MINIMUM TEMPERATURES
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TABLE 107: BAHRAIN MEAN MINIMUM TEMPERATURE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0 0.64 1.20 0.57 3.39 2.69 3.61 3.18 2.05 0.64 1.41 0.28
SD 1992 4.38 3.75 4.17 3.04 0.92 0.07 2.97 1.06 1.13 2.55 0.64 1.48
SD 1993 2.26 2.12 0.57 1.41 0.85 1.41 1.70 1.13 1.84 0.07 0.99 0.85
SD 1994 1.13 1.34 0.92 0.14 0.21 0.21 0.92 2.12 0.92 0.07 1.91 3.18
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FIGURE 151
BAHRAIN MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATIONS
TABLE 108: BAHRAIN MEAN MINIMUM TEMPERATURE 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58 59.1 62.3 71.2 75.2 81.2 82.9 83.5 82.1 78.1 69 63.4
1992-1994 55.4 56.6 61.33 69.97 79.27 84.2 85.37 85.97 83.17 77.8 71.13 60.4
SD 1991 0 0.64 1.20 0.57 3.39 2.69 3.61 3.18 2.05 0.64 1.41 0.28
SD 92-94 1.84 2.40 1.89 1.44 0.52 0.57 1.86 1.44 1.30 0.85 0.09 1.84
SD DIFF -1.84 -1.77 -0.68 -0.87 2.88 2.12 1.74 1.74 0.75 -0.21 1.32 -1.56
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FIGURE 152
BAHRAIN MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
FIGURE 153
BAHRAIN MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN EXTREME MINIMUM TEMPERATURES: Most o f the
lowest extreme minimum monthly temperature values were recorded in 1991 and 
1992. Low May through August 1991 extreme minimum temperatures shown in table
109 and figure 154 were probably caused by the cooler surrounding seawater 
temperatures. Low standard deviations from May to July 1994 are indicated in table
110 and 155. When 1991 data was compared to 1992 through 1994 averages, April 
through August, October and November temperatures were considerably lower as 
indicated in table 111 and figures 156 and 157.
TABLE 109: BAHRAIN EXTREME MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 53.2 52.7 54.5 65.5 68.4 76.8 78.8 80.2 79.9 71.6 59.7 53.4
1992 46.4 46.8 51.4 61.7 74.3 79.9 81 83.1 79.3 72.3 57.7 54.3
1993 48.7 47.8 57.6 63.5 72 78.8 80.6 82 78.3 75 61.7 58.3
1994 52.9 53.4 54.5 66 75.2 81.3 81.3 81 80.8 72.7 65.7 50
Climo 41 37 50 57 66 73 75 73 75 61 55 50
FIGURE 154
BAHRAIN EXTREME MINIMUM TEMPERATURES
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TABLE 110: BAHRAIN EXTREME MINIMUM TEMPERATURE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 8.63 11.10 3.18 6.01 1.70 2.69 2.69 5.09 3.46 7.50 3.32 2.40
SD 1992 3.82 6.93 0.99 3.32 5.87 4.88 4.24 7.14 3.04 7.99 1.91 3.04
SD 1993 5.44 7.64 5.37 4.60 4.24 4.10 3.96 6.36 2.33 9.90 4.74 5.87
SD 1994 8.41 11.60 3.18 6.36 6.51 5.87 4.45 5.66 4.10 8.27 7.57 0
182
FIGURE 155
BAHRAIN EXTREME MINIMUM TEMPERATURE STANDARD
DEVIATIONS
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TABLE 111: BAHRAIN MEAN MINIMUM TEMPERATURE 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 53.2 52.7 54.5 65.5 68.4 76.8 78.8 80.2 79.9 71.6 59.7 53.4
1992-1994 49.33 49.33 54.5 63.73 73.83 80 80.97 82.03 79.47 73.33 61.7 54.2
SD 1991 8.63 11.10 3.18 6.01 1.70 2.69 2.69 5.09 3.46 7.50 3.32 2.40
SD 92-94 5.89 8.72 3.18 4.76 5.54 4.95 4.22 6.39 3.16 8.72 4.74 2.97
SD DIFF 2.73 2.38 0 1.25 -3.84 -2.26 -1.53 -1.30 0.31 -1.23 -1.41 -0.57
FIGURE 156
BAHRAIN EXTREME MINIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 157
BAHRAIN EXTREME MINIMUM TEMPERATURE STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN MEAN MORNING RELATIVE HUMIDITY: All of the years
studied had mean morning relative humidities that exceeded the climatological norm as 
described in table 112 and figure 158. High standard deviations in table 113 and figure 
159 indicate higher than normal relative humidity for the entire 4 year period o f study. 
No significant variations between 1991 and other years were observed in table 114 and 
figures 160 and 161. No correlation between local relative humidity variances and the 
Kuwait oil fires from the data examined have been detected.
TABLE 112: BAHRAIN MEAN MORNING RELATIVE HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 86 80.9 85.7 75.1 62.8 71.6 67.3 77.5 83 85 81.1 83.4
1992 80.7 84.1 81.4 74.3 71.7 67.9 68.1 77.3 80 80.6 78.2 82.4
1993 81 80.6 75.9 78.3 71.3 68.2 75.3 80.9 82.6 77.6 79.8 86
1994 82.9 78.5 81 75.3 65.1 67.8 69.7 75.6 80.1 78.8 78.4 79.2
Climo 81 80 75 68 62 60 62 66 72 75 77 80
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FIGURE 158
BAHRAIN MEAN MORNING RELATIVE HUMIDITY
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TABLE 113: BAHRAIN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 3.54 0.64 7.57 5.02 0.57 8.20 3.75 8.13 7.78 7.07 2.90 2.40
SD 1992 0.21 2.90 4.53 4.45 6.86 5.59 4.31 7.99 5.66 3.96 0.85 1.70
SD 1993 0 0.42 0.64 7.28 6.58 5.80 9.40 10.54 7.50 1.84 1.98 4.24
SD 1994 1.34 1.06 4.24 5.16 2.19 5.52 5.44 6.79 5.73 2.69 0.99 0.57
FIGURE 159
BAHRAIN MEAN MORNING RELATIVE HUMIDITY STANDARD
DEVIATIONS
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TABLE 114: BAHRAIN MEAN MORNING RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 86 80.9 85.7 75.1 62.8 71.6 67.3 77.5 83 85 81.1 83.4
1992-1994 81.53 81.07 79.43 75.97 69.37 67.97 71.03 77.93 80.9 79 78.8 82.53
SD 1991 3.54 0.64 7.57 5.02 0.57 8.20 3.75 8.13 7.78 7.07 2.90 2.40
SD 92-94 0.377 0.75 3.13 5.63 5.21 5.63 6.39 8.44 6.29 2.83 1.27 1.79
SD DIFF 3.16 -0.12 4.43 -0.61 -4.64 2.57 -2.64 -0.31 1.48 4.24 1.63 0.61
188
BAHRAIN MEAN AFTERNOON RELATIVE HUMIDITY: All of the
years studied had mean afternoon relative humidities that were below the 
climatological norm as described in table 115 and figure 162. No significant variations 
between 1991 and other years were observed in tables 116-117 and figures 163-165. 
No correlation between local relative humidity variances and the Kuwait oil fires have 
been detected from the data examined.
TABLE 115: BAHRAIN MEAN AFTERNOON RELATIVE 
HUMIDITY
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 63.2 53.9 54.4 37.4 29 35.6 34.5 43.9 47.7 56 46.5 56.1
1992 49.3 53.4 47.3 36.4 34.9 28.9 30.4 34.5 43.9 47.4 53.3 58.1
1993 57.7 54.6 39.9 41 35.7 29.6 35.5 40 44.1 45.7 48.2 56.4
1994 50.8 42.5 41.9 35.4 28.5 32 36.5 43.4 40.9 51.7 49 51.2
Climo 65 64 58 53 48 47 51 54 55 58 60 65
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FIGURE 163
BAHRAIN MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATIONS
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TABLE 117: BAHRAIN MEAN AFTERNOON RELATIVE 
HUMIDITY STANDARD DEVIATIONS, 1991 vs 1992-1994
AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 63.2 53.9 54.4 37.4 29 35.6 34.5 43.9 47.7 56 46.5 56.1
1992-1994 52.6 50.17 43.03 37.6 33.03 30.17 34.13 39.3 42.97 48.27 50.17 55.23
SD 1991 1.27 7.14 2.55 11.03 13.44 8.06 11.67 7.14 5.16 1.41 9.55 6.29
SD 92-94 8.77 9.78 10.58 10.89 10.58 11.90 11.93 10.39 8.51 6.88 6.95 6.91
SD DIFF -7.50 -2.64 -8.04 0.14 2.85 -3.84 -0.26 -3.25 -3.35 -5.47 2.59 -0.61
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FIGURE 164
BAHRAIN MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 165
BAHRAIN MEAN AFTERNOON RELATIVE HUMIDITY 
STANDARD DEVIATION DIFFERENCES
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BAHRAIN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION: In all o f the years examined, there were fewer number of days
with measurable precipitation in comparison to the historical average. There were 
only 16 days with measurable precipitation in 1991 while there were 28 days in 1992, 
and 22 days in both 1993 and 1994. It is uncertain whether the dry 1991 year was a 
result o f the oil fires or just a result o f limited transitory frontal passages during the 
winter synoptic weather pattern. The key element which the figures and tables point 
out is that the seasonal variation of the synoptic weather pattern has not changed (See 
tables 118-120 and figures 166-169). Although the total number of days with 
measurable precipitation seem low, when the number o f days with reports o f non- 
measurable and trace precipitation were added into the equation, the variances were 
negligible. Therefore, there is no long term alteration on the number o f days with 
measurable precipitation.
TABLE 118: BAHRAIN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 4 2 3 2 0 0 0 0 0 0 0 5
1992 7 3 6 2 1 0 0 0 0 0 0 9
1993 6 8 2 4 2 0 0 0 0 0 0 0
1994 0 1 7 3 2 0 0 0 0 1 4 4
Climo 7 6 9 7 3 0 0 0 0 1 2 6
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FIGURE 166
BAHRAIN MEAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION
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TABLE 119: BAHRAIN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.12 2.83 4.24 3.54 2.12 0 0 0 0 0.71 1.41 0.71
SD 1992 0 2.12 2.12 3.54 1.41 0 0 0 0 0.71 1.41 2.12
SD 1993 0.71 1.41 4.95 2.12 0.71 0 0 0 0 0.71 1.41 4.24
SD 1994 4.95 3.54 1.41 2.83 0.71 0 0 0 0 0 1.41 1.41
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FIGURE 167
BAHRAIN MEAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATIONS
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TABLE 120: BAHRAIN MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV bEC
1991 4 2 3 2 0 0 0 0 0 0 0 5
1992-1994 4.33 4 5 3 1.67 0 0 0 0 0 0 4.33
SD 1991 2.12 2.83 4.24 3.54 2.12 0 0 0 0 0.71 1.41 0.71
SD 92-94 1.89 1.41 2.83 2.83 0.94 0 0 0 0 0.71 1.41 1.18
SD DIFF 0.24 1.14 1.41 0.71 1.18 0 0 0 0 0 0 -0.47
FIGURE 168
BAHRAIN MEAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATIONS, 1991 vs 1992-1994
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FIGURE 169
BAHRAIN MEAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION STANDARD DEVIATION DIFFERENCES
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BAHRAIN MEAN NUMBER OF DAYS WITH THUNDERSTORMS:
Although each year in this study contained more average annual days with 
thunderstorms, there was no indication of any significant trends to alter climatology. 
Table 121 and figure 170 show no significant change in the monthly thunderstorm 
occurrences. Tables 122-123 and figures 171-173 show that standard deviations and 
the respective differences are minimal. No thunderstorm variances can be related to 
the oil fires.
TABLE 121: BAHRAIN NUMBER OF DAYS WITH 
THUNDERSTORMS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 2 2 1 1 0 0 0 0 0 0 0
3
1992 1 2 2 1 2 0 0 0 0 0 0 5
1993 0 2 1 4 0 0 0 0 0 0 0 0
1994 0 0 5 0 5 0 0 0 0 0 0 0
Climo 1 1 2 0 1 0 0 0 0 0 0 1
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FIGURE 170
BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS
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TABLE 122: BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 0.71 0.71 0.71 0.71 0 0 0 0 0 0 1.41
SD 1992 0 0.71 0 0.71 0.71 0 0 0 0 0.71 0 2.83
SD 1993 0.71 0.71 0.71 2.83 0.71 0 0 0 0 0 0 0.71
SD 1994 0.71 0.71 2.12 0 2.83 0 0 0 0 0 0 0.71
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FIGURE 171
BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS
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TABLE 123: BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS, 1991 vs 1992-1994 
AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 2 2 1 1 0 0 0 0 0 0 0 3
1992-1994 0.33 1.33 2.67 1.67 2.33 0 0 0 0 0 0 1.67
SD 1991 0.71 0.71 0.71 0.71 0.71 0 0 0 0 0 0 2.12
SD 92-94 0.47 0.24 0.47 1.18 0.94 0 0 0 0 0 0 0.47
SD DIFF 0.24 0.47 0.24 -0.47 -0.24 0 0 0 0 0 0 0.94
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FIGURE 172
BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATIONS, 1991 vs 1992-
1994 AVERAGE
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FIGURE 173
BAHRAIN MEAN NUMBER OF DAYS WITH 
THUNDERSTORMS STANDARD DEVIATION DIFFERENCES
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BAHRAIN PRECIPITATION ACCUMULATION TOTALS: No
significant variations in precipitation accumulation totals were detected in tables 124- 
126 and figures 174-177. 1992 was a wet year with 5.13 inches of precipitation and, 
1994 was a dry year with 0.88 inches o f recorded precipitation. The 4 year average 
for precipitation accumulation was 3.41 inches which is reasonably close to the 
chmatological average of 3.1 inches. The oil fires had no detectable effect on 
measurable precipitation at Bahrain which the accompanying tables and figures 
indicate.
TABLE 124: BAHRAIN PRECIPITATION ACCUMULATION 
TOTALS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1.61 0.12 0.85 0.05 0 0 0 0 0 0 0 0.83
1992 1.04 0.2 0.73 0.05 0.05 0 0 0 0 0 0 3.06
1993 1.4 2.24 0.07 0.39 0.07 0 0 0 0 0 0 0
1994 0 0.02 0.63 0.06 0.17 0 0 0 0 0 0 0
Climo 0.6 0.6 0.5 0.3 0.1 0 0 0 0 0 0.3 0.7
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FIGURE 174
BAHRAIN PRECIPITATION ACCUMULATION TOTALS
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TABLE 125: BAHRAIN PRECIPITATION ACCUMULATION 
TOTALS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 0.34 0.25 0.18 0.07 0 0 0 0 0 0.21 0.09
SD 1992 0.31 0.28 0.16 0.18 0.04 0 0 0 0 0 0.21 1.67
SD 1993 0.57 1.16 0.30 0.06 0.02 0 0 0 0 0 0.21 0.49
SD 1994 0.42 0.41 0.09 0.17 0.05 0 0 0 0 0 0.21 0.49
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FIGURE 175
BAHRAIN PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS
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TABLE 126: BAHRAIN PRECIPITATION ACCUMULATION
TOTALS STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1.61 0.12 0.85 0.05 0 0 0 0 0 0 0 0.83
1992-1994 0.81 0.82 0.48 0.17 0.10 0 0 0 0 0 0 1.02
SD 1991 0.71 0.34 0.25 0.18 0.07 0 0 0 0 0 0.21 0.09
SD 92-94 0.15 0.16 0.02 0.09 0 0 0 0 0 0 0.21 0.23
SD DIFF 0.56 0.18 0.23 0.08 0.07 0 0 0 0 0 0 -0.13
ESD I 991 
B SD1992 
ESD I 993 
ESD1994
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BAHRAIN PEAK WINDS: No unusual trends were detected in tables 127-129 
and figures 178-181.
TABLE 127: BAHRAIN PEAK WINDS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 30 30 33 30 37 36 28 22 36 36 25 34
1992 33 38 34 38 41 39 33 24 26 25 31 31
1993 34 32 47 54 36 33 26 24 21 19 36 26
1994 32 32 33 27 33 31 29 24 26 42 34 34
Climo 60 55 52 57 52 50 54 44 56 41 36 53
FIGURE 178
BAHRAIN PEAK WINDS
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TABLE 128: BAHRAIN PEAK WINDS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 21.21 17.68 13.44 19.09 10.61 9.90 18.38 15.56 14.14 3.54 7.78 13.44
SD 1992 19.09 12.02 12.73 13.44 7.78 7.78 14.85 14.14 21.21 11.31 3.54 15.56
SD 1993 18.38 16.26 3.54 2.12 11.31 12.02 19.80 14.14 24.75 15.56 0 19.09
SD 1994 19.80 16.26 13.44 21.21 13.44 13.44 17.68 14.14 21.21 0.71 1.41 13.44
FIGURE 179
BAHRAIN PEAK WIND STANDARD DEVIATIONS
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TABLE 129: BAHRAIN PEAK WINDS STANDARD DEVIATIONS,
1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 30 30 33 30 37 36 28 22 36 36 25 34
1992-1994 33 34 38 39.67 36.67 34.33 29.33 24 24.33 28.67 33.67 30.33
SD 1991 21.21 17.68 13.44 19.09 10.61 9.90 18.38 15.56 14.14 3.54 7.78 13.44
SD 92-94 19.09 14.85 9.90 12.26 10.84 11.08 17.44 14.14 22.39 8.72 1.65 16.03
SD DIFF 2.12 2.83 3.54 6.84 -0.24 -1.18 0.94 1.41 -8.25 -5.19 6.13 -2.59
FIGURE 180
BAHRAIN PEAK WIND STANDARD DEVIATIONS, 1991 vs  
1992-1994 AVERAGE
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FIGURE 181
BAHRAIN PEAK WIND STANDARD DEVIATION 
DIFFERENCES
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BAHRAIN DAYS WITH FOG: All 4 years studied report below normal fog 
occurrences as illustrated in table 130 and figure 182, but standard deviations and 
deviation differences are negligible as indicated in tables 131 and 132 and figures 183- 
185. No correlation between minimal fog reports and the oil fires can be established.
TABLE 130: BAHRAIN DAYS WITH FOG
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 2 1 1 0 0 0 1 0 2 0 0 0
1992 0 3 1 0 0 0 0 0 0 1 0 0
1993 3 0 0 0 0 0 1 0 0 0 0 2
1994 2 0 0 0 0 0 0 0 0 0 0 0
Climo 3 3 1 0 0 0 1 0 1 1 2 3
FIGURE 182
BAHRAIN MEAN NUMBER OF DAYS WITH FOG
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TABLE 131: BAHRAIN DAYS WITH FOG STANDARD
209
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 1.41 0 0 0 0 0 0 0.71 0.71 1.41 2.12
SD 1992 2.12 0 0 0 0 0 0.71 0 0.71 0 1.41 2.12
SD 1993 0 2.12 0.71 0 0 0 0 0 0.71 0.71 1.41 0.71
SD 1994 0.71 2.12 0.71 0 0 0 0.71 0 0.71 0.71 1.41 2.12
FIGURE 183
BAHRAIN MEAN NUMBER OF DAYS WITH FOG STANDARD
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TABLE 132: BAHRAIN DAYS WITH FOG STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 2 1 1 0 0 0 1 0 2 0 0 0
1992-1994 1.67 1 0.33 0 0 0 0.33 0 0 0.33 0 0.67
SD 1991 0.71 1.41 0 0 0 0 0 0 0.71 0.71 1.41 2.12
SD 92-94 0.94 1.41 0.47 0 0 0 0.475 0 0.71 0.47 1.41 1.65
SD DIFF -0.24 0 -0.47 0 0 0 -0.47 0 0 0.24 0 0.47
FIGURE 184
BAHRAIN MEAN NUMBER OF DAYS WITH FOG STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 185
BAHRAIN MEAN NUMBER OF DAYS WITH FOG STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN DAYS WITH SUSPENDED AND/OR BLOWING DUST 
AND/OR SAND: Tables 133-135 and figures 186-189 show some minor
variances, but they do not indicate any trends or lasting perturbations which can be 
linked to the Kuwait oil fires.
TABLE 133: BAHRAIN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 3 3 4 18 12 12 3 6 3 0 4
1992 5 13 6 10 13 13 22 10 0 4 0 3
1993 3 1 13 2 11 8 8 2 0 0 2 0
1994 2 3 6 11 13 11 15 10 0 2 6 2
Climo 5 6 8 8 9 ,14 13 10 5 4 3 4
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FIGURE 186
BAHRAIN MEAN NUMBER OF DAYS WITH 
SUSP ENDEDfBLOWING DUST/SAND
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TABLE 134: BAHRAIN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 2.83 2.12 3.54 2.83 6.36 1.41 0.71 4.95 0.71 0.71 2.12 0
SD 1992 0 4.95 1.41 1.41 2.83 0.71 6.36 0 3.54 0 2.12 0.71
SD 1993 1.41 3.54 3.54 4.24 1.41 4.24 3.54 5.66 3.54 2.83 0.71 2.83
SD 1994 2.12 2.12 1.41 2.12 2.83 2.12 1.41 0 3.54 1.41 2.12 1.41
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FIGURE 187
BAHRAIN MEAN NUMBER OF DAYS WITH 
SUSPENDEDfBLOWING DUST/SAND STANDARD 
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TABLE 135: BAHRAIN DAYS WITH SUSPENDED AND/OR 
BLOWING DUST AND/OR SAND STANDARD DEVIATIONS, 1991 
vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 3 3 4 18 12 12 3 6 3 0 4
1992-1994 3.33 5.67 8.33 7.67 12.33 10.67 15 7.33 0 2 2.67 1.67
SD 1991 2.83 2.12 3.54 2.83 6.36 1.41 0.71 4.95 0.71 0.71 2.12 0
SD 92-94 1.18 0.24 0.24 0.24 2.36 2.36 1.41 1.89 3.54 1.41 0.24 1.65
SD DIFF 1.65 1.89 3.30 2.60 4.01 -0.94 -0.71 3.06 -2.83 -0.71 1.89 -1.65
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FIGURE 188
BAHRAIN MEAN NUMBER OF DAYS WITH 
SUSPENDED/BLOWING DUST/SAND STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 189
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BAHRAIN DAYS WITH SMOKE AND/OR HAZE: The large number of
smoke and/or haze events at Bahrain during 1991 were caused by smoke from the 
Kuwait oil fires. The smoke directly impacted the local temperatures during 1991, but 
there is no indication o f any lasting effects upon the local or regional weather patterns. 
Tables 136-138 and figures 190-193 show the high number o f reported values and 
standard deviations in 1991.
TABLE 136: BAHRAIN DAYS WITH SMOKE AND/OR HAZE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 19 11 30 24 26 25 31 31 28 28 12 13
1992 10 16 9 8 11 13 11 19 11 15 7 15
1993 16 10 4 4 7 11 21 14 17 6 11| 15
1994 16 3 9 7 3 10 8 8 9 8 3 11
Climo 17 15 14 12 12 15 18 19 19 16 15
■
17
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FIGURE 190
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TABLE 137: BAHRAIN DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.41 2.83 11.31 8.49 9.90 7.07 9.19 8.49 6.36 8.49 2.12 2.83
SD 1992 4.95 0.71 3.54 2.83 0.71 1.41 4.95 0 5.66 0.71 5.66 1.41
SD 1993 0.71 3.54 7.07 5.66 3.54 2.83 2.12 3.54 1.41 7.07 2.83 1.41
SD 1994 0.71 8.49 3.54 3.54 6.36 3.54 7.07 7.78 7.07 5.66 8.49 4.24
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FIGURE 192
BAHRAIN MEAN NUMBER OF DAYS WITH SMOKE/HAZE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 193
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BAHRAIN DAYS WITH HAZE: Reports o f haze in 1991 were limited (Table 
139 and figure 194) because the smoke particulates suspended in the atmosphere 
obscured surface visibility. Table 140 and figure 195 show high standard deviations in 
haze between March and September 1991. When the 1991 data was compared to 
1992-1994 averages, standard deviation differences were high throughout the summer 
months as indicated in table 141 and figures 196 and 197.
TABLE 139: BAHRAIN DAYS WITH HAZE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 18 8 6 2 2 7 1 3 11 15 10 12
1992 10 16 9 8 11 13 11 19 11 15 7 15
1993 16 10 4 4 7 10 21 14 17 6 11 15
1994 15 3 9 7 3 10 8 8
9 8
3 11
Climo 17 15 14 11 11 14 17 18 18 16 15 17
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FIGURE 194
BAHRAIN MEAN NUMBER OF DAYS WITH HAZE
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TABLE 140: BAHRAIN DAYS WITH HAZE STANDARD 
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 4.95 5.66 6.36 6.36 4.95 11.31 10.61 4.95 0.71 3.54 3.54
SD 1992 4.95 0.71 3.54 2.12 0 0.71 4.24 0.71 4.95 0.71 5.66 1.41
SD 1993 0.71 3.54 7.07 4.95 2.83 2.83 2.83 2.83 0.71 7.07 2.83 1.41
SD 1994 1.41 8.49 3.54 2.83 5.66 2.83 6.36 7.07 6.36 5.66 8.49 4.24
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FIGURE 195
BAHRAIN MEAN NUMBER OF DAYS WITH HAZE STANDARD
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TABLE 141: BAHRAIN DAYS WITH HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 18 8 6 2 2 7 1 3 11 15 10 12
1992-1994 13.67 9.67 7.33 6.33 7 11 13.33 13.67 12.33 9.67 7 13.67
SD 1991 0.71 4.95 5.66 6.36 6.36 4.95 11.31 10.61 4.95 0.71 3.54 3.54
SD 92-94 2.36 3.77 4.71 3.30 2.83 2.12 2.591 3.06 4.01 4.48 5.66 2.36
SD DIFF -1.65 1.18 0.94 3.06 3.54 2.83 8.72 7.54 0.94 -3.77 -2.12 1.18
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FIGURE 196
BAHRAIN MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 197
BAHRAIN MEAN NUMBER OF DAYS WITH HAZE STANDARD 
DEVIATION DIFFERENCES
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BAHRAIN DAYS WITH SMOKE: Smoke was reported at Bahrain on 183
days in 1991, and smoke has only been reported on 2 other occasions between 1992 
and 1994. Tables 142-144 and figures 198-201 show high numbers o f smoke 
observations and standard deviations for 1991. Local temperatures were significantly 
affected during 1991, but lasting meteorological impacts can not be substantiated from 
the data.
TABLE 142: BAHRAIN DAYS WITH SMOKE
JAN FEB MAR APR MAY I JUN JULl AUG SEPl OCT NOV DEC
1991 1 3 24 22 24 18 30 28 17 13 2 1
1992 0 0 0 0 0 0 0 0 0 0 0 0
1993 0 0 0 0 0 1 0 0 0 0 0 0
1994 1 0 0 0 0 0 0 0 0 0 0 0
Climo 0 0 0 1 1 1 1 1 1 0 0 0
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FIGURE 198
BAHRAIN MEAN NUMBER OF DAYS WITH SMOKE
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TABLE 143: BAHRAIN DAYS WITH SMOKE STANDARD 
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.71 2.12 16.97 14.85 16.26 12.02 20.51 19.09 11.31 9.19 1.41 0.71
SD 1992 0 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0 0 0
SD 1993 0 0 0 0.71 0.71 0 0.71 0.71 0.71 0 0 0
SD 1994 0.71 0 0 0.71 0.71 0.71 0.71 0.71 0.71 0 0 0
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FIGURE 199
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TABLE 144: BAHRAIN DAYS WITH SMOKE STANDARD
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1 3 24 22 24 18 30 28 17 13 2 1
1992-1994 0.33 0 0 0 0 0.33 0 0 0 0 0 0
SD 1991 0.71 2.12 16.97 14.85 16.26 12.02 20.51 19.09 11.31 9.19 1.41 0.71
SD 92-94 0.24 0 0 0.71 0.71 0.47 0.07 0.71 0.71 0 0 0
SD DIFF 0.47 2.12 16.97 14.14 15.56 11.55 19.80 18.38 10.61 9.19 1.41 0.71
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FIGURE 200
BAHRAIN MEAN NUMBER OF DAYS WITH SMOKE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 201
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CHAPTER V. TEMPERATURE COMPARISONS
Bahrain, Dhahran and Riyadh were chosen to compare the differing effects o f the 
Kuwait oil fires to ascertain if  any long term regional meteorological impacts occurred. 
All three locations had documented weather observations continuously to create 
accurate monthly summaries. All o f the data is accurate with the possible exception of 
precipitation data at Dhahran during 1992. Each location experienced vastly different 
levels o f exposure to the smoke plume. Smoke was reported at Bahrain, Dhahran, and 
Riyadh during 1991 on 183, 100 and 21 days respectively, as indicated in table 145. 
This suggests that the smoke plume was confined mostly to the eastern shores of 
Saudi Arabia and the Persian Gulf during the spring, summer and autumn months of 
1991. Surface visibility was reduced below 3 miles by the oil fire smoke at Bahrain, 
Dhahran and Riyadh during 1991 on 107, 50 and 7 days respectively.
TABLE 145: 1991 DAYS WITH SMOKE
Smoke JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Bahrain 1 3 24 22 24 18 30 28 17 13 2 1
Dhahran 1 2 10 13 15 15 14 18 12 0 0 0
Riyadh 0 0 2 3 3 6 4 1 3 1 0 0
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Temperatures were lowered at Dhahran and Riyadh during 1991 as a direct result 
o f solar radiation reduction by the oil fire plume overhead and diffuse smoke 
particulates mixing with the haze layer aloft. Temperatures at Bahrain, which are 
dependent on adjacent seawater temperatures, were lowered in 1991 by a combination 
of the oil spill in the Persian Gulf and airborne smoke from the oil fires. Although 
mean annual temperatures at all three locations were below normal in 1991, they were 
still higher than the 1992 annual mean temperatures which suggest that the impact of 
the oil fires was minimal. Mean annual temperatures approached more normal values 
during 1993 and 1994.
1991 TEMPERATURE STUDY
The Persian Gulf is a few miles east o f the Dhahran Air Base weather observation 
site, and when the summer shamal low level northwesterly flow is in place, the gulf 
waters have no inpact upon temperatures. The temperatures are strongly influenced 
by the surrounding desert and dry northwesterly wind flow. In order for Dhahran to 
be influenced by the gulf water temperatures, easterly low level flow would have been 
required, but never occurred during the spring and summer months of 1991.
Therefore, Dhahran and Riyadh had similar surrounding environments during the oil 
fire episodes, and Dhahran and Riyadh temperature profiles were typical o f a location 
affected by airborne smoke. The near normal low temperatures at Dhahran and 
Riyadh (Table 148) reinforce the theory that smoke clouds are transparent to infrared 
radiation [Pilewskie and Valero, 1992]. Mean maximum and mean temperatures
230
(Tables 146-147) from May through September in 1991 were cooler than all o f the 
other years. The cooler mean surface temperatures at Dhahran and Riyadh were due to 
the low level wind flow and advection o f smoke southeastward below 10,000 feet.
The seasonal 850mb and 700mb flow patterns (Figures 2, 3, 8, and 9) indicate the 
seasonal northwesterly wind flow required to advect smoke from Kuwait to Saudi 
Arabia. The temperatures returned to more normal values during the fall and winter 
months of 1991 for three reasons. First the northwesterly wind flow at 850mb (Figure 
4) is significantly weaker in the fall and winter months. Secondly, winds at 700mb 
(Figure 5) became more westerly which increased vertical directional wind shear. 
Finally, as the fires were extinguished, there was less smoke to advect southward.
Specific results at Bahrain were quite different. Mean maximum (Table 146), mean 
(Table 147) and mean minimum (Table 148) temperatures were all lowered as a direct 
result o f the oil fires and Persian Gulf oil spill. Seawater temperatures decreased by 
4.5 degrees [Sadiq and McCain, 1993], and the lower water temperature decreased 
mean low and mean monthly temperatures by 0.8 to 5.5 degrees between March and 
November. This agrees with a study conducted by Limay et al, 1992. The oil fire 
smoke plume width was usually confined between 12 and 30 miles, and Bahrain was 
directly in the plume’s path for most o f the spring and summer. Bahrain’s low 
temperature variance was significantly larger than the high temperature variance which 
indicates that the surrounding water temperatures affected Bahrain more than the 
airborne smoke particulates. The temperature variance at Bahrain was pronounced
even though it was approximately 250 miles away from the spill and fires; so, larger 
variations at locations closer to the fires probably occurred.
TABLE 146: 1991 MEAN MAXIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 69.3 70.3 73.9 85.8 89.4 94 99 98.3 95 89.7 81.4 73.3
Climo 66 69 75 84 92 97 99 99 97 90 81 72
Difference 3.3 1.3 -1.1 1.8 -2.6 -3 0 -0.7 -2 -0.3 0.4 1.3
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 69.4 70.4 74.7 90.7 96 102.6 106.6 105.9 103.4 95.6 83.7 72.5
Climo 70 72 79 90 99 106 108 108 103 95 84 73
Difference -0.6 -1.6 -4.3 0.7 -3 -3.4 -1.4 -2.1 0.4 0.6 -0.3 -0.5
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 67.5 73 78.6 92.7 99.5 106.9 106.7 107.4 102.2 93.6 83.1 71.6
Climo 70 74 82 93 102 107 109 107 104 94 81 71
Difference -2.5 -1 -3.4 -0.3 -2.5 -0.1 -2.3 0.4 -1.8 -0.4 2.1 0.6
TABLE 147: 1991 MEAN TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 63.8 64.2 68.5 77 81.5 87.3 91 90.9 88.6 83.9 75.2 68.4
Climo 62 65 70 78 87 91 94 94 91 85 76 68
Difference 1.8 -0.8 -1.5 -1 -5.5 -3.7 -3 -3.1 -2.4 -1.1 -0.8 0.4
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 61.8 59.7 67.1 80 84.8 92.2 95.6 95.4 91.8 85.4 72.5 64.2
Climo 61 63 70 79 88 94 97 96 91 84 74 65
Difference 0.8 -3.3 -2.9 1 -3.2 -1.8 -1.4 -0.6 0.8 1.4 -1.5 -0.8
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58.6 62.4 68.7 82.2 87.8 93.7 94.1 94.6 88.9 81.9 70.7 62.2
Climo 60 63 70 81 89 95 97 95 91 81 70 61
Difference -1.4 -0.6 -1.3 1.2 -1.2 -1.3 -2.9 -0.4 -2.1 0.9 0.7 1.2
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TABLE 148: 1991 MEAN MINIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 58 59.1 62.3 71.2 75.2 81.2 82.9 83.5 82.1 78.1 69 63.4
Climo 58 60 64 72 80 85 88 88 85 79 71 63
Difference 0 -0.9 -1.7 -0.8 -4.8 -3.8 -5.1 -4.5 -2.9 -0.9 -2 0.4
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 54.3 55 59.4 69.3 73.6 81.8 84.5 84.9 80.2 75.1 63.9 58.1
Climo 53 54 60 68 77 82 85 84 79 72 65 56
Difference 1.3 1 -0.6 1.3 -3.4 -0.2 -0.5 0.9 1.2 3.1 -1.1 2.1
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 49.6 51.8 59 71.8 76.1 80.6 81.7 81.9 75.6 70.2 58.3 52.9
Climo 49 51 58 68 77 81 83 82 77 68 58 50
Difference 0.6 0.8 1 3.8 -0.9 -0.4 -1.3 -0.1 -1.4 2.2 0.3 2.9
1992 TEMPERATURE STUDY
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The entire region experienced an unusually cold winter in 1992, and common 
temperature variances are depicted in tables 149 -151 for all 3 locations. Colder 
temperatures were probably related the location of the 500mb long-wave trough and 
corresponding 300mb jet stream. Temperatures approached normal values in May 
when the dry northwesterly flow o f the Spring Transition and Summer Shamal seasons 
returned to the region. The cold winter and early spring resulted in the coldest mean 
annual temperatures recorded at all o f the location throughout the 4 year study.
TABLE 149: 1992 MEAN MAXIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 64.7 66.3 69.5 82.1 92.4 101 99.2 101.1 95.5 89 81.1 70.6
Climo 66 69 75 84 92 97 99 99 97 90 81 72
Difference -1.3 -2.7 -5.5 -1.9 0.4 4 0.2 2.1 -1.5 -1 0.1 -1.4
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 62.6 67.3 70.9 86.9 100.6 111 110.7 112.4 108.8 98.3 85.6 69.5
Climo 70 72 79 90 99 106 108 108 103 95 84 73
Difference -7.4 -4.7 -8.1 -3.1 1.6 5 2.7 4.4 5.8 3.3 1.6 -3.5
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 60.3 68.2 73.9 89.6 99.7 105.8 106.2 106.7 103.1 92.1 79 65.6
Climo 70 74 82 93 102 107 109 107 104 94 81 71
Difference -9.7 -5.8 -8.1 -3.4 -2.3 -1.2 -2.8 -0.3 -0.9 -1.9 -2 -5.4
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TABLE 150: 1992 M E A N  TEM PERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 58.3 60.5 63.8 74.9 85.6 93 91.5 93.8 89.5 82.2 75.6 65.8
Climo 62 65 70 78 87 91 94 94 91 85 76 68
Difference -3.7 -4.5 -6.2 -3.1 -1.4 2 -2.5 -0.2 -1.5 -2.8 -0.4 -2.2
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 54.9 57.3 62.8 75.2 89.1 94.9 97 98.4 93.1 84.4 73.9 62.4
Climo 61 63 70 79 88 94 97 96 94 84 74 65
Difference -6.1 -5.7 -7.2 -3.8 1.1 0.9 0 2.4| -0.9 0.4 -0.1 -2.6
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 51.4 58.3 64.2 77.9 88.3 94.1 94.6 95.4 90.5 79.3 69 58.6
Climo 60 63 70 81 89 95 97 95 91 81 70 61
Difference -8.6 -4.7 -5.8 -3.1 -0.7 -0.9 -2.4 0.4 -0.5 -1.7 -1 -2.4
TABLE 151: 1992 MEAN MINIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 51.8 54.7 58.1 67.7 78.7 84.9 83.8 86.5 83.4 75.4 70.1 60.9
Climo 58 60 64 72 80 85 88 88 85 79 71 63
Difference -6.2 -5.3 -5.9 -4.3 -1.3 -0.1 -4.2 -1.5 -1.6 -3.6 -0.9 -2.1
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 47.3 50.8 54.6 66.3 77.5 83 83.4 84.5 81.6 70.4 64.9 55.3
Climo 53 54 60 68 77 82 85 84 79 72 65 56
Difference -5.7 -3.2 -5.4 -1.7 0.5 1 -1.6 0.5 2.6 -1.6 -0.1 -0.7
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1992 42.6 48.4 54.7 66.9 77.2 81.3 82.9 84.2 77.9 65.6 58.8 50.7
Climo 49 51 58 68 77 81 83 82 77 68 58 50
Difference -6.4 -2.6 -3.3 -1.1 0.2 0.3 -0.1 2.2 0.9 -2.4 0.8 0.7
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TABLE 153: 1993 M E A N  TEM PERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 59.7 62.7 69.9 76.8 85.7 91.1 93.3 94.3 90.9 85.6 75.9 67.7
Climo 62 65 70 78 87 91 94 94 91 85 76 68
Difference -2.3 -2.3 -0.1 -1.2 -1.3 0.1 -0.7 0.3 -0.1 0.6 -0.1 -0.3
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 55.5 60.5 69.6 78.4 93.7 101 97 97 90 85.4 73.4 65.2
Climo 61 63 70 79 88 94 97 96 94 84 74 65
Difference -5.5 -2.5 -0.4 -0.6 5.7 7 0 1 -4 1.4 -0.6 0.2
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 54.9 59.5 70.9 77.2 89.4 95.9 96.6 96.8 92.3 85.5 73.4 65.8
Climo 60 63 70 81 89 95 97 95 91 81 70 61
Difference -5.1 -3.5 0.9 -3.8 0.4 0.9 -0.4 1.8 1.3 4.5 3.4 4.8
TABLE 154: 1993 MEAN MINIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 54.8 57 63.2 70 78.8 83 85.6 86.4 82.4 78.9 69.6 61.8
Climo 58 60 64 72 80 85 88 88 85 79 71 63
Difference -3.2 -3 -0.8 -2 -1.2 -2 -2.4 -1.6 -2.6 -0.1 -1.4 -1.2
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 48.1 52.2 59.7 67 81.5 86.8 84.3 84 79.2 74.7 63.3 55
Climo 53 54 60 68 77 82 85 84 79 72 65 56
Difference -4.9 -1.8 -0.3 -1 4.5 4.8 -0.7 0 0.2 2.7 -1.7 -1
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 47.1 50.7 60.4 65.7 77.7 83.3 85.2 85.1 79.7 74.3 61.7 54.1
Climo 49 51 58 68 77 81 83 82 77 68 58 50
Difference -1.9 -0.3 2.4 -2.3 0.7 2.3 2.2 3.1 2.7 6.3 3.7 4.1
1994 TEMPERATURE STUDY
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Slightly warmer than normal mean annual temperature values were recorded all of 
the locations during 1994. Tables 155-157 show the warmer temperatures. Riyadh 
did experience cooler than normal mean maximum July temperature from sand and 
dust storm activity. The warmer annual temperatures prove that the Kuwait oil fires 
had no lasting influences on the regional temperatures.
TABLE 155: 1994 MEAN MAXIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 72.1 71.5 75.9 87.5 95.1 99.1 100.2 99.1 98.1 90.4 85.1 70.6
Climo 66 69 75 84 92 97 99 99 97 90 81 72
Difference 6.1 2.5 0.9 3.5 3.1 2.1 1.2 0.1 1.1 0.4 4.1 -1.4
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 72.6 74.7 80.5 96.1 101 108.9 110.6 107.4 103.5 96.2 87 71.4
Climo 70 72 79 90 99 106 108 108 103 95 84 73
Difference 2.6 2.7 1.5 6.1 2 2.9 2.6 -0.6 0.5 1.2 3 -1.6
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 75 74.3 80.4 92.7 102 106.3 105.8 107.4 104.2 94.3 84.2 67.8
Climo 70 74 82 93 102 107 109 107 104 94 81 71
Difference 5 0.3 -1.6 -0.3 0 -0.7 -3.2 0.4 0.2 0.3 3.2 -3.2
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TABLE 156: 1994 M EA N  TEM PERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 65.9 64.8 69.3 79.9 87.7 91.9 93.5 92.1 90.9 84.8 79.4 64.6
Climo 62 65 70 78 87 91 94 94 91 85 76 68
Difference 3.9 -0.2 -0.7 1.9 0.7 0.9 -0.5 -1.9 -0.1 -0.2 3.4 -3.4
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 62.6 60.6 70.4 82.8 89.9 94.3 98.9 95.6 91.4 85.4 77.1 62.6
Climo 61 63 70 79 88 94 97 96 94 84 74 65
Difference 1.6 -2.4 0.4 3.8 1.9 0.3 1.9 -0.4 -2.6 1.4 3.1 -2.4
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 63.9 63.7 70 82.4 90.9 95.5 95.4 96.1 92.4 84.4 74.8 59.2
Climo 60 63 70 81 89 95 97 95 91 81 70 61
Difference 3.9 0.7 0 1.4 1.9 0.5 -1.6 1.1 1.4 3.4 4.8 -1.8
TABLE 157: 1994 MEAN MINIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 59.6 58.1 62.7 72.2 80.3 84.7 86.7 85 83.7 79.1 73.7 58.5
Climo 58 60 64 72 80 85 88 88 85 79 71 63
Difference 1.6 -1.9 -1.3 0.2 0.3 -0.3 -1.3 -3 -1.3 0.1 2.7 -4.5
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 52.5 51.5 60.3 69.4 78.8 83.8 87 83.8 81.1 74.7 70.2 53.8
Climo 53 54 60 68 77 82 85 84 79 72 65 56
Difference -0.5 -2.5 0.3 1.4 1.8 1.8 2 -0.2 2.1 2.7 5.2 -2.2
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1994 52.9 53.2 59.7 72 79.5 84.6 85.1 84.7 80.2 74.5 65.5 50.5
Climo 49 51 58 68 77 81 83 82 77 68 58 50
Difference 3.9 2.2 1.7 4 2.5 3.6 2.1 2.7 3.2 6.5 7.5 0.5
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TEMPERATURE STUDY vs CLIMATOLOGY
TABLE 158: 1991-1994 AVERAGE MEAN TEMPERATURES vs RECORDED 
CLIMATOLOGY
Bahrain Dhahran Riyadh
1991 78.36 79.21 78.82
1992 77.88 78.62 76.8
1993 79.47 80.56 79.85
1994 80.4 80.97 80.73
Average 79.03 79.84 79.05
Climo 80.08 80.64 79.42
Mean annual temperatures are listed in table 157; “Average” stands for the average 
mean annual temperature between 1991 through 1994, and “Climo” represents the 
climatological annual mean temperatures for Bahrain Dhahran and Riyadh. 
Temperatures were below the 4 year average during 1991 and 1992 whereas 
temperatures were above the 4 year average at all locations during 1993 and 1994.
All 1991 and 1992 temperature values were significantly below the climatological 
norm  The cold winter o f 1992 caused mean temperatures to be the lowest recorded 
in the 4 year period which suggests that the oil fires and oil spill only produced minor 
deviations from regional normal conditions during 1991. Mean annual temperatures 
returned to closer to normal values throughout the region during 1993 and 1994. The 
4 year average temperatures were lower than the climatological norm at Bahrain, 
Dhahran and Riyadh by 1.05, 0.80 and 0.37 degrees Fahrenheit respectively. Even 
though the study covers only a 4 year period, the temperatures at all o f the locations
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appear to be approaching the climatological norm  Continued annual mean 
temperature analysis is required to verify the trend noted in table 157. Assuming the 
trend is correct, the Kuwait oil fires will have no lasting impacts on the regional 
temperatures.
CHAPTER VI. CONCLUSIONS
This chapter presents the conclusions reached for each meteorological parameter 
examined at Dhahran, Riyadh and Bahrain from the 1991 through 1994 weather 
observation data base and is designed as a quick reference for the reader.
DHAHRAN RESULTS:
Extreme Maximum Temperatures: Fairly low extreme maximum temperatures 
recorded during the spring and summer months of 1991 were probably related to 
decreased solar insulation from the enhanced haze layer alofr due to the diflusion of 
smoke particulates into the lower atmosphere.
Mean Maximum Temperatures: The lowest late spring and summer mean high 
temperatures were recorded in 1991. In fact, 1991 summer temperatures ranged from 
3 to 6 degrees cooler than any other year studied and were 1.4 to 3 degrees cooler 
than the climatological standard. The 1992 through 1994 summer temperatures 
averaged close to 110 degrees whereas the 1991 average values were roughly 103 to 
106 degrees.
Mean Temperatures: Mean temperatures were lowered during 1991 as a result of 
the Kuwait oil fires, but lasting impacts were not detected.
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Mean Minimum Temperatures: Smoke tends to reduce solar insulation, but it is 
transparent to infrared terrestrial radiation [Pilewskie and Valero, 1992]. Most o f the 
mean low temperatures during the smoke affected months of 1991 are very close to 
the climatological average. These results prove that mean low temperatures at 
Dhahran were not adversely affected by the Kuwait oil fires.
Extreme Minimum Temperatures: No significant variations related to the Kuwait 
oil fires were detected.
Mean Morning Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
Mean Afternoon Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
Number o f Davs With Measurable Precipitation: Precipitation during 1991 through 
1994 occurred only during months that traditionally experience rain. The Summer 
Shamal dry season remained dry which indicates no significant variation to the 
synoptic seasonal weather patterns. Data for the number of days with measurable 
precipitation at Dhahran may not be accurate for 1992.
Number o f Davs With Thunderstorms: No significant variations related to the 
Kuwait oil fires were detected.
Precipitation Accumulation: No significant variations related to the Kuwait oil fires 
were detected.
Peak Winds: No significant variations related to the Kuwait oil fires were detected.
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Number o f Davs With Fog: No significant variations related to the Kuwait oil fires 
were detected.
Number o f Davs With Suspended and/or Blowing Dust and/or Sand: The number 
o f dust/sand events documented between 1991 and 1993 were well below the 
climatological norm  When the Gulf War started many scientists believed the 
mechanized vehicular traffic over the desert would disrupt the top layer o f the surface 
and would increase dust and sand storm activity. However, the data at Dhahran does 
not support that theory. Since Dhahran is just one small point in the region, it should 
not be used as a definitive reference. A detailed study of all sand/dust storms in the 
region is required to verify or dispute the scientific theory which is beyond the scope 
of this paper.
Number o f Days With Smoke and/or Haze: Large variations in the combined 
smoke and haze category arose from the Kuwait oil fires during the spring and summer 
of 1991, but long term climatological statistics should not show significant variations.
Number o f Days With Haze: Since weather observers frequently rotate through 
Dhahran, the contrast o f numerical differences between haze and suspended dust 
reports may have been a result o f weather observer interpretation. Since the data was 
subject to individual weather observer interpretation, it was handled with caution. 
Therefore, no significant variations related to the Kuwait oil fires were detected.
Number o f Days With Smoke: Smoke was reported at Dhahran on 100 separate 
days during 1991. The reports o f smoke during January and February can not be
definitively linked to the Kuwait oil fires and might have resulted from battle field 
contaminates during the Air Campaign of the Gulf War. The smoke was advected 
over Dhahran by the persistent northwesterly wind flow during the spring and summer 
months o f 1991. The suspended smoke lowered mean maximum and mean monthly 
temperatures by restricting incoming solar radiation. Although the smoke was opaque 
to inbound visible and ultra-violet radiation, it was transparent to the terrestrial infra­
red radiation of the earth [Pilewskie and Valero, 1992] and did not affect monthly 
mean low temperatures during 1991.
RIYADH RESULTS:
Extreme Maximum Temperatures: No significant variations related to the Kuwait 
oil fires were detected.
Mean Maximum Temperatures: The lowest reported mean monthly maximum 
temperatures were reported in 1992. Although the smoke events at Riyadh in 1991 
were very limited, lower than normal temperatures were recorded during May, July 
and September.
Mean Temperatures: Coolest mean temperatures were recorded in 1991 and 1992 
while the warmest mean temperatures were recorded in 1993 and 1994. The 
temperature variations during 1991 occurred in July and September.
Mean Minimum Temperatures: Mean minimum temperatures were fairly close to 
normal in 1991 and most o f 1992. The exception was the winter months of 1992
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when significantly lower temperatures were recorded throughout the Arabian 
Peninsula. Slightly above normal mean low temperatures dominated 1993 and 1994.
In 1991, temperatures were slightly below normal between May and September. The 
lower temperatures are favorable for a smoke environment because smoke is 
transparent to nocturnal infra-red terrestrial radiation [Pilewskie and Valero, 1992] 
which supports the theory that diffuse smoke enhanced the haze layer aloft.
Extreme Minimum Temperatures: No significant variations related to the Kuwait 
oil fires were detected.
Mean Morning Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
Mean Afternoon Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
Number of Days With Measurable Precipitation: No significant variations related 
to the Kuwait oil fires were detected.
Number of Davs With Thunderstorms: No significant variations related to the 
Kuwait oil fires were detected.
Precipitation Accumulation: No significant variations related to the Kuwait oil fires 
were detected.
Peak Winds: No significant variations related to the Kuwait oil fires were detected.
Number of Days With Fog: No significant variations related to the Kuwait oil fires 
were detected.
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Number o f Days With Suspended and/or Blowing Dust and/or Sand: Reports of
sand and or dust events at Riyadh were below normal for most o f the study period 
except for July through October 1993 when the observed values exceeded the 
historical average. Dust and sand reporting may be not be reliable at Riyadh due to 
frequent personnel rotations and individual observer interpretations. Any theories 
derived from the data would be potentially erroneous, and a correlation between the 
Kuwait oil fires and suspended dust or blowing sand conditions at Riyadh can not be 
made.
Number o f Days With Smoke and/or Haze: During 1991, haze was the primary 
obscuring parameter detected, and the smoke particulates observed at Riyadh were 
usually dispersed and well mixed into the ever present “haze layer” in the lower 
atmosphere. Since the thick smoke plume usually remained east o f Riyadh, the 1991 
Kuwait oil fires had no significant impact on the local weather. The high number of 
smoke/haze reports from September 1993 to January 1994 was due to local industrial 
smoke production.
Number o f Days With Haze: Higher than normal reports o f haze were documented 
from April to October 1991. The haze could have been enhanced by dispersed smoke 
particualtes from the Kuwait oil fires, and resulted in lower mean maximum and mean 
temperatures at Riyadh. The largest standard deviations in the period o f study were 
recorded from the limited number o f haze events between April and July 1994 which 
statistically eliminated the effects of the higher number of reports in 1991.
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Number o f Davs With Smoke: Smoke was only reported on 21 days in 1991, and 
the surface visibility was restricted below 2 miles during only 4 of the smoke events. 
Although smoke reports were limited in 1991, mean maximum and mean temperature 
values were below normal. Dispersed smoke particulates enhanced the haze layer aloft 
which and slightly restricted solar radiation from reaching the surface. A high number 
o f smoke events was reported from August 1993 through March 1994. The smoke 
appears to have been caused by local industrial activity, and the surface visibility was 
never detected below 4 miles. Therefore, the industrial smoke affects on the local 
temperatures were similar to that o f a normal hazy day. As a side note, the highest 
mean maximum temperatures during the period of study occurred during the industrial 
smoke filled months which indicate that only a thin layer o f smoke was observed 
during 1993 and 1994
BAHRAIN RESULTS:
Extreme Maximum Temperatures: A combination of airborne smoke and cooler 
surrounding seawater temperatures could have potentially lowered monthly extreme 
maximum temperature values in 1991, but since the values are extremes, the author 
uses caution and therefore, can not definitively relate the lower extreme temperatures 
to the oil fires.
Mean Maximum Temperatures: Some lower temperatures were detected in the 
spring and summer of 1991, but they were not as pronounced as Dhahran’s lower
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temperatures. The adjacent water to Bahrain causes afternoon high temperatures at 
Bahrain to be 6 to 9 degrees cooler than at Dhahran, and therefore, the water may 
have moderated the effect o f high temperature reduction during the summer of 1991. 
May through November temperatures were roughly 1 to 4.5 degrees cooler than the 
1992-1994 average temperatures, and the temperature variance was directly related to 
the Kuwait oil fires and oil spill.
Mean Temperatures: Mean temperature variations were stronger than the mean 
maximum temperature variations previously discussed because the lower mean 
minimum temperature values represent 50 percent o f mean temperature variations. 
Surrounding seawater low temperatures during 1991 decreased mean monthly ambient 
temperatures by 0.8 to 5.5 degrees between March and November as a result o f the 
Kuwait oil fires.
Mean Minimum Temperatures: Lower Persian Gulf seawater temperatures 
generated cooler than normal mean minimum temperatures at Bahrain between March 
and November 1991. The largest temperature standard deviations during 1991 were 
detected between May and September.
Extreme Minimum Temperatures: Most o f the lowest extreme minimum monthly 
temperature values were recorded in 1991 and 1992. Low May through August 1991 
extreme minimum temperatures were probably caused by the cooler surrounding 
seawater temperatures.
Mean Morning Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
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Mean Afternoon Relative Humidity: No significant variations related to the Kuwait 
oil fires were detected.
Number of Days With Measurable Precipitation: In all o f the years examined, there 
were fewer number o f days with measurable precipitation in comparison to the 
historical average. There were only 16 days with measurable precipitation in 1991 
while there were 28 days in 1992, and 22 days in both 1993 and 1994. It is uncertain 
whether the dry 1991 year was a result of the oil fires or just a result o f limited 
transitory frontal passages during the winter synoptic weather pattern. The key 
element which the figures and tables point out is that the seasonal variation of the 
synoptic weather pattern has not changed. Although the total number o f days with 
measurable precipitation seems low, when the number of days with reports o f non- 
measurable and trace precipitation were added into the equation, the variances were 
negligible. Therefore, a long term variance o f the number of days with measurable 
precipitation was not evident and, no significant variations related to the Kuwait oil 
fires were identified.
Number of Days With Thunderstorms: No significant variations related to the 
Kuwait oil fires were detected.
Precipitation Accumulation: No significant variations related to the Kuwait oil fires 
were detected.
Peak Winds: No significant variations related to the Kuwait oil fires were detected.
Number o f Days With Fog: No significant variations related to the Kuwait oil fires 
were detected.
lasting meteorological impacts. Even though this study reveals benign results for the 
region’s meteorology, it is not a panacea for Iraq’s environmental terrorism. The Gulf 
War caused destruction of man, materials and environment, and Iraq’s sabotage of the 
Kuwait oil wells resulted in an environmental nightmare. Severe environmental 
damage to the biophere has been documented in numerous books and articles, and 
recovery from the damage may take decades. Environmental terrorism is an ap ec t of 
war with lasting regional and potentially global implications — it must be planned for 
and prevented.
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DHAHRAN DAYS WITH HAZE: There were very few reports of days with
haze during 1991 with the exception of July and August. The lowest number o f 
reports o f haze as indicated by table 43 and figure 66 were in the summer months of
1994. One item to note is that the low number of haze reports also coincides with a 
high number o f suspended dust reports during the same period as depicted in table 38 
and figure 59. Haze formation at Dhahran during the summer shamal season is usually 
a direct result o f suspended dust particulates. Since weather observers frequently 
rotate through Dhahran, the contrast of numerical differences between haze and 
suspended dust reports may have been a result o f weather observer interpretation.
Since the data was subject to individual weather observer interpretation, it should be 
handled with caution. Table 44 and figure 67 indicate high variability and standard 
deviation throughout the years studied. Since most o f the data is well below the 
climatological norm the standard deviation differences depicted in table 45 and figures 
68 and 69 do not accurately reflect the true standard deviation. An average of the 4 
year standard deviations would better reflect the actual data.
143
FIGURE 119
RIYADH MEAN NUMBER OF DAYS WITH FOG STANDARD
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TABLE 84: RIYADH DAYS WITH FOG STANDARD DEVIATIONS, 
1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 0 2 0 0 0 0 0 0 0 0 1
1992-1994 3.67 1.67 1.67 1.67 0 0 0 0 0 0 1 3
SD 1991 2.12 2.12 0 0.71 0 0 0 0 0 0.71 1.41 2.83
SD 92-94 0.24 0.94 0.24 0.47 0 0 0 0 0 0.71 0.71 1.41
SD DIFF 1.89 1.18 -0.24 0.24 0 0 0 0 0 0 0.71 1.41
FIGURE 160
BAHRAIN MEAN MORNING RELATIVE HUMIDITY STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
FIGURE 161
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Number of Davs With Suspended and/or Blowing Dust and/or Sand: No
significant variations related to the Kuwait oil fires were detected.
Number o f Days With Smoke and/or Haze: The large number of smoke and/or 
haze events at Bahrain during 1991 were caused by smoke from the Kuwait oil fires. 
The smoke directly impacted the local temperatures during 1991, but there is no 
indication of any lasting effects upon the local or regional weather patterns.
Number o f Davs With Haze: Reports of haze in 1991 were limited because the 
smoke particulates suspended in the atmosphere obscured surface visibility. No 
significant variations related to the Kuwait oil fires were detected.
Number o f Days With Smoke: Smoke was reported at Bahrain on 183 days in 
1991, and smoke has only been reported on 2 other occasions between 1992 and 
1994. Local temperatures were significantly affected during 1991, but lasting 
meteorological impacts can not be substantiated from the data.
CONCLUSIONS:
Although regional temperature variations were documented in 1991 as a direct 
result o f the Kuwait oil fires and oil spill, the variations were not beyond reasonable 
standard deviations for the region. All other meteorological parameters show no 
evidence o f significant and lasting variance to the regional norms. Also the regional 
synoptic patterns (Summer Shamal, Fall Transition, Winter Shamal and Spring 
Transition) remain unchanged. These facts indicate that the Kuwait oil fires caused no
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FIGURE 18
DHAHRAN MEAN TEMPERATURES
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TABLE 8: DHAHRAN MEAN TEMPERATURE STANDARD 
DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 0.57 2.33 2.05 0.71 2.26 1.27 0.99 0.42 1.56 0.99 1.06 0.57
SD 1992 4.31 4.03 5.09 2.69 0.78 0.64 0 1.70 0.64 0.28 0.07 1.84
SD 1993 3.89 1.77 0.28 0.42 4.03 4.95 0 0.71 2.83 0.99 0.42 0.14
SD 1994 1.13 1.70 0.28 2.69 1.34 0.21 1.34 0.28 1.84 0.99 2.19 1.70
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RIYADH PRECIPITATION ACCUMULATION TOTALS: The 
precipitation totals for 1992-1994 are very close to the norm of 4.1 inches. December 
1991 did receive 2.92 inches of precipitation from thunderstorm activity to boost the 
1991 total accumulation to 6.91 inches, almost 3 inches above normal. Table 76 and 
figure 110 show the monthly precipitation amounts. June through October remained 
dry due to the summer shamal season and the associated dry northwesterly winds. The 
largest standard deviation in tables 77-78 and figure 111-113 is December 1991, but 
since the totals resulted from thunderstorm activity, the deviation from the climatic 
norm can be ignored. No correlation between the Kuwait oil fires and Riyadh 
precipitation accumulation was detected.
TABLE 76: RIYADH PRECIPITATION ACCUMULATION TOTALS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 1.8 1.13 1.01 0.05 0 0 0 0 0 0 0 2.92
1992 0.94 0.26 1.37 0.95 0.2 0 0 0 0 0 0.1 0.81
1993 1.07 0.47 0.19 1.73 2.4 0 0 0 0 0 0 0.02
1994 0.03 0.32 0.93 0.98 1.72 0 0 0 0 0 0 0
Climo 0.8 0.4 0.6 1 0.5 0 0 0 0 0 0.4 0.4
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FIGURE 63
DHAHRAN DAYS WITH SMOKE/HAZE STANDARD 
DEVIATIONS
TABLE 42: DHAHRAN DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 5 15 17 20 21 27 25 16 7 3 3
1992-1994 4 4.67 7.67 10 8.33 9 13.33 11.33 7.67 14.67 5.67 9.33
SD 1991 4.95 4.95 1.41 1.41 2.83 4.24 8.49 6.36 0 6.36 6.36 7.78
SD 92-94 7.07 5.19 3.78 3.54 5.42 4.24 1.18 3.30 5.89 0.94 4.48 3.30
SD DIFF -2.12 -0.24 -2.34 -2.12 -2.59 0 7.31 3.06 -5.89 5.42 1.89 4.48
TABLE 43: DHAHRAN DAYS WITH HAZE
87
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 7 5 6 2 5 9 19 13 7 7 3 3
1992 5 8 8 13 13 15 20 19 12 12 6 8
1993 3 4 12 6 8 12 20 12 7 18 7 12
1994 4 2 3 11 4 0 0 3 4 14 4 8
Climo 14 12 12 14 15 14 14 15 15 15 12 14
FIGURE 66
DHAHRAN MEAN NUMBER OF DAYS WITH HAZE
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TABLE 102: BAHRAIN MEAN MAXIMUM TEMPERATURE
STANDARD DEVIATIONS 1991 vs. 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 69.3 70.3 73.9 85.8 89.4 94 99 98.3 95 89.7 81.4 73.3
1992-1994 67.13 68.73 74 84.37 93.33 99.53 100.1 100.8 97.67 90.57 82.77 71.57
SD 1991 2.33 0.92 0.78 1.27 1.84 2.12 0 0.49 1.41 0.21 0.28 0.92
SD 92-94 0.80 0.19 0.71 0.26 0.94 1.79 0.80 1.27 0.47 0.40 1.25 0.31
SD DIFF 1.53 0.73 0.07 1.01 0.90 0.33 -0.80 -0.78 0.94 -0.19 -0.97 0.61
FIGURE 144
BAHRAIN MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 191
BAHRAIN MEAN NUMBER OF DAYS WITH SMOKE/HAZE 
STANDARD DEVIATIONS
TABLE 138: BAHRAIN DAYS WITH SMOKE AND/OR HAZE 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 19 11 30 24 26 25 31 31 28 28 12 13
1992-1994 14 9.67 7.33 6.33 7 11.33 13.33 13.67 12.33 9.67 7 13.67
SD 1991 1.41 2.83 11.31 8.49 9.90 7.07 9.19 8.49 6.36 8.49 2.12 2.83
SD 92-94 2.12 3.77 4.71 4.01 3.54 2.59 3.30 3.77 4.71 4.48 5.66 2.36
SD DIFF -0.71 -0.94 6.60 4.48 6.36 4.48 5.89 4.71 1.65 4.01 -3.54 0.47
103
FIGURE 79
RIYADH MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS
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TABLE 54: RIYADH MEAN MAXIMUM TEMPERATURES 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 67.5 73 78.6 92.7 99.5 106.9 106.7 107.4 102.2 93.6 83.1 71.6
1992-1994 65.97 70.3 78.53 90.33 101 106.9 106.4 107.5 104 94.33 82.7 70.3
SD 1991 1.77 0.71 2.40 0.21 1.77 0.07 1.63 0.28 1.27 0.28 1.48 0.42
SD 92-94 2.85 2.62 2.45 1.89 0.71 0.09 1.84 0.33 0 0.24 1.20 0.49
SD DIFF -1.08 -1.91 -0.05 -1.67 1.06 -0.02 -0.21 -0.05 1.27 0.05 0.28 -0.07
0SD1901 
HSD1992 
E3 SD1903 
E3 SD1904
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FIGURE 88
RIYADH MEAN MINIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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FIGURE 89
RIYADH MEAN MINIMUM TEMPERATURE STANDARD 
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FIGURE 162
BAHRAIN MEAN AFTERNOON RELATIVE HUMIDITY
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TABLE 116: BAHRAIN MEAN AFTERNOON RELATIVE 
HUMIDITY STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 1.27 7.14 2.55 11.03 13.44 8.06 11.67 7.14 5.16 1.41 9.55 6.29
SD 1992 11.10 7.50 7.57 11.74 9.26 12.80 14.57 13.79 7.85 7.50 4.74 4.88
SD 1993 5.16 6.65 12.80 8.49 8.70 12.30 10.96 9.90 7.71 8.70 8.34 6.08
SD 1994 10.04 15.20 11.38 12.45 13.79 10.61 10.25 7.50 9.97 4.45 7.78 9.76
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FIGURE 102
RIYADH MEAN NUMBER OF DAYS WITH MEASURABLE 
PRECIPITATION
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TABLE 71: RIYADH MEAN NUMBER OF DAYS WITH 
MEASURABLE PRECIPITATION STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DECl
SD 1991 0.71 0.71 0.71 3.54 2.83 0 0 0.71 0 0.71 0.71 0
SD 1992 0.71 0.71 0.71 1.41 1.41 0 0 0.71 0 0.71 0.71 0
SD 1993 0.71 0.71 0.71 0 0.71 0 0 0.71 0 0.71 0.71 2.12
SD 1994 2.12 0.71 1.41 0 0.71 0 0 0.71 0 0.71 0.71 2.83
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FIGURE 80
RIYADH MEAN MAXIMUM TEMPERATURE STANDARD 
DEVIATIONS, 1991 vs 1992-1994
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FIGURE 81
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FIGURE 114
RIYADH PEAK WINDS
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TABLE 80: RIYADH PEAK WINDS STANDARD DEVIATIONS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
SD 1991 6.36 18.38 16.26 12.02 12.73 0 18.38 8.49 25.46 0 2.12 1.41
SD 1992 2.83 21.21 9.19 0.71 5.66 2.12 9.19 9.19 25.46 5.66 0.71 1.41
SD 1993 4.95 10.61 0 3.54 4.95 2.83 11.31 0 26.16 6.36 5.66 9.90
SD 1994 6.36 21.92 12.02 0 0 0.71 9.19 7.78 26.16 0.71 0 2.12
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FIGURE 176
BAHRAIN PRECIPITATION ACCUMULATION TOTALS 
STANDARD DEVIATIONS, 1991 vs 1992-1994 AVERAGE
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TABLE 28: DHAHRAN PRECIPITATION ACCUMULATION
TOTALS
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 0.25 0 0 0 0 0 0 0 0 0 0 0
1992 0 0 0 0 0.63 0 0 0 0 0 0 0
1993 1.5 1.51 0 1.22 0.56 0 0 0 0 0 0 0.02
1994 0 0.04 1.26 0.1 0.38 0 0 0 0 0 0 0.01
Climo 0.9 0.5 0.5 0.4 0.1 0 0 0 0 0 0.2 0.6
FIGURE 46
DHAHRAN PRECIPITATION ACCUMULATION TOTALS
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RIYADH DAYS WITH SMOKE AND/OR HAZE: Tables 88-90 and figures
125-128 show high degrees o f haze variability, and the strongest standard deviations 
were recorded during the spring and summer of 1994, Although higher than normal 
reports of smoke and/or haze occurred from April through October 1991, surface 
temperature statistics were not significantly affected. During 1991, haze was the 
primary obscuring parameter detected, and the smoke particulates observed at Riyadh 
were usually dispersed and well mixed into the ever present “haze layer” in the lower 
atmosphere. Since the thick smoke plume usually remained east o f Riyadh, the 1991 
Kuwait oil fires had no significant impact on the local weather. The high number of 
smoke/haze reports from September 1993 to January 1994 was due to local industrial 
smoke.
TABLE 88: RIYADH DAYS WITH SMOKE AND/OR HAZE
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 11 11 14 19 23 24 22 22 25 20 15 13
1992 12 14 13 13 16 21 17 20 11 12 12 4
1993 10 13 15 8 14 25 12 8 21 21 18 29
1994 23 16 8 0 1 5 2 15 10 16 9 10
Climo 14 12 13 15 16 15 15 16 16 16 12 14
1993 TEMPERATURE STUDY
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Tables 152-154 show warmer temperatures returning to the region after a cool 
winter in 1993. Summer and autumn temperatures were above normal for all o f the 
locations, and May and June temperatures were especially high at Dhahran. The 
warmer summer and autumn months caused the annual temperature averages to 
approach more normal values.
TABLE 152: 1993 MEAN MAXIMUM TEMPERATURES
Bahrain JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 64.6 68.4 76.6 83.5 92.5 98.5 101 102.2 99.4 92.3 82.1 73.5
Climo 66 69 75 84 92 97 99 99 97 90 81 72
Difference -1.4 -0.6 1.6 -0.5 0.5 1.5 2 3.2 2.4 2.3 1.1 1.5
Dhahran JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 62.9 68.8 79.4 88.2 105.8 115.1 110.2 109 104.7 96.2 83.5 75.3
Climo 70 72 79 90 99 106 108 108 103 95 84 73
Difference -7.1 -3.2 0.4 -1.8 6.8 9.1 2.2 1 1.7 1.2 -0.5 2.3
Riyadh JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1993 62.6 68.4 81.3 88.7 101.3 108.5 107.2 108.3 104.7 96.6 84.9 77.5
Climo 70 74 82 93 102 107 109 107 104 94 81 71
Difference -7.4 -5.6 -0.7 -4.3 -0.7 1.5 -1.8 1.3 0.7 2.6| 3.9 6.5
FIGURE 57
DHAHRAN DAYS WITH FOG STANDARD DEVIATION 
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RIYADH MEAN MINIMUM TEMPERATURES: Mean minimum 
temperatures were fairly close to normal in 1991 and most of 1992 with the exception 
of the winter months o f 1992 when significantly lower temperatures were recorded. 
Slightly above normal mean low temperatures dominated 1993 and 1994. In 1991, 
temperatures were slightly below normal between May and September. The lower 
temperatures are favorable for a smoke environment because smoke is transparent to 
nocturnal infra-red terrestrial radiation [Pilewskie and Valero, 1992] which supports 
the theory that diffuse smoke enhanced the haze layer aloft. The above normal 
temperatures o f 1993 and 1994 are evident in the standard deviation tables and figures, 
but no significant variations have been detected.
TABLE 58: RIYADH MEAN MINIMUM TEMPERATURES
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1991 49.6 51.8 59 71.8 76.1 80.6 81.7 81.9 75.6 70.2 58.3 52.9
1992 42.6 48.4 54.7 66.9 77.2 81.3 82.9 84.2 77.9 65.6 58.8 50.7
1993 47.1 50.7 60.4 65.7 77.7 83.3 85.2 85.1 79.7 74.3 61.7 54.1
1994 52.9 53.2 59.7 72 79.5 84.6 85.1 84.7 80.2 74.5 65.5 50.5
Climo 49 51 58 68 77 811 83 82 77 Oi
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